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1. INTRODUCTION  
 

Automated guided vehicles (AGVs) have been part of all 

production plants for the last 20 years. It is also one of the 

fastest-growing markets [1], as the demand for logistics and 

robot-operated automation systems are increasing. First 

generation of AGVs were developed as standalone vehicles.  

Second and third-generation AGVs have evolved into decentral 

control in terms of path planning, localization, and traffic 

management [2-5]. This evolution has been accelerated by the 

development of smart factories using the industry 4.0 

technologies. The historical evolution of AGVs for different 

applications is given in [5]. 

In AGV literature, majority of the publications are on AGV 

control system software [2-4]. There are a few studies on 

traction and electrical system development. Therefore, the 

objective of this study is to review the conceptual development 

phases, integration and application aspects of the traction and 

electrical system of an AGV.  

According to the market analysis reported in [6], the most 

common types of AGVs in the global market in 2020 are 

listed as below: 

 Unit load carriers 

 Automated forklift trucks 

 Tow vehicles 

 Assembly line vehicles 

 

 Underride tunneling vehicles 

  Due to the variety of these applications, power components 

market can be expected to grow further in order to provide 

solutions at higher power levels. Power components of an AGV 

includes traction motor, inverter (motor control unit), gearbox, 

lithium based batteries, cabled or wireless (inductive) chargers 

and  DC-DC converters. 

 48 V electrical system is commonly used in AGVs. There 

are AGV motor controllers rated at 1500 A current at 48 V DC 

input supply [7]. 

Contrary to the past use of 48 V supply for auxiliary 

systems in automotive applications, 48 V supplied motors, 

motor controllers and chargers are expected to have higher 

currents ratings in near future. 

 
2. CONCEPTUAL DEVELOPMENT STEPS OF AN 

AGV PROJECT 
 

2.1. Specifications and system configuration  
The list given below refers to an AGV applied in 

automotive production and can be expanded into other AGV 

applications as well: 

Step-1: Specifications and tasks related to the AGV operation 

environment 

 Type of AGV  

 Central or decentral control 

 Localization and mapping method  
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 Positioning accuracy of AGV 

 AGV speed 

 Maximum inclination angle at the operation floor 

 Maximum payload at maximum acceleration 

 Safety and certification requirements 

Step-2: Specifications and tasks related to the software 

development 

 Configuration of the safety PLC software operating 

according to the outputs of the safety sensors  

 Sensor selection and integration of drivers into the 

ROS (Robot Operating System). 

 Configuration of task manager and path planner 

according to the operation environment 

 Configuration of the traffic management system 

according to the operation environment 

Step-3: Load related specifications 

 Traction system topology 

 Sizing of motors, gearbox and battery Ah capacity 

 Radial forces per wheel at maximum payload 

In this study, steps 1 and 2 are reviewed briefly. Step-3  and 

its relationship with step-1 and 2 is analyzed in detail. 

  

3. INTEGRATION of AGV into FACTORY 
AUTOMATION 

 

 3.1. Compatibility with Industry 4.0 
In this section, an overview of AGV technologies and 

technology selection criteria will be studied. Technology 

selection has a decisive impact on AGV lifetime and 

performance in the target application.  

Industry 4.0 is a broad term specifying features of an 

intelligent factory environment where process efficiency and 

production outputs can be increased by software tools such as 

data processing, connectivity of process components, 

predictive maintenance, remote control etc.  

In order to integrate an AGV into an industry 4.0 

compatible factory, technological transformation is required as 

listed below: 

1) Decentral control of AGVs 

In decentral control, AGVs can autonomously plan their 

path and make decisions about their motions. Decentralized 

control methods are practical and scalable solution for large 

AGV fleet operations [2-4]. 

In [2], solution models for centralized and decentralized 

control are studied and importance of decentralized algorithms 

are emphasized as they provide open architecture, 

configurability, scalability, and robustness. 

In decentralized architecture, AGVs can navigate 

independently within the defined AGV control tasks [3].  If the 

process requires a higher number of AGVs and complex tasks, 

the central control of AGV is not suitable as the central 

controller needs to re-define the path in case of a deviation from 

the planned path for each of the AGVs  [2-4]. 

2) Use of digital twin modelling in AGV control 

Digital twin (DT) a virtual model of a physical system. It 

has been studied recently in manufacturing systems for 

industry 4.0 compatibility. DT enables simulation and 

optimization of manufacturing system in a digital platform [8].   

In development of AGVs, DT can be used to model the physical 

operation environment to develop navigation and localization 

software and test of operation safety as well [9-10]. 

3) Remote monitoring of AGV data 

AGV control can be improved if operational states of AGV, 

faults and variables like energy consumption, battery state of 

charge (SOC) can be monitored remotely. Monitored data can 

be used to improve the task management, predictive 

maintenance and energy efficiency. DT modeling is an 

effective tool for AGV performance monitoring and 

optimization. Modeling and application examples from a smart 

factory model is studied in [11]. 

4) Charging method 

Wireless charging technology, known as also inductive 

charging, enables charging of AGV at any location where 

transmitter pad of wireless charger is installed and thus 

eliminates cable and connector [5,12-13]. If charging and 

operation duty cycle times can be optimized, wireless charging 

can enable operation of AGV continuously without need for a 

cabled charging. 

5) Cyber security of AGV 

Despite the advantages of industry 4.0, the connectivity of 

components increases the risks of cyber-attacks which can 

cause uncontrolled stops. Case studies and solutions are studied 

in [14-16]. Use of 5G private network enables higher system 

security [17]. Digital twin modeling can also detect normal and 

cyber attacted operations in a smart factory [18]. 

6) 5G wireless network 
Use of 5G wireless  network (WN) for AGV control and 

fleet management is expected be the future trend [5,17]. 5G 

WN  enables faster control of AGV and increase of production 

throughput as studied in [19]. 

 

3.2. Relationship between AGV subsystems 
Overall Equipment Efficiency (OEE) is a production 

performance metric and studied in [20]. 

Fig.1 illustrates how the conceptual development phase can 

improve the overall performance of an AGV and key 

performance index (KPI) of the production as well. 

Fig.2 illustrates the multidisciplinary engineering works for 

an AGV development. For an optimum development of an 

AGV, relationship between these engineering works should be 

carefully analysed at the conceptual development phase. 

The following issues are listed to highlight the relationship 

between AGV subsystems:  

1) Navigation methods, path planning and motor duty cycle: 

The selected navigation method, path planning and 

operation environment will significantly influence the motor 

and battery duty cycle.  Critical issue is to operate the motor at 

efficient operating points. For this purpose, the number of start 

and stop cycles can be reduced. Because every start needs an 

acceleration torque and causes higher power consumption than 

constant speed operation. If AGV path plan can enable 

operation at higher speed, this will also improve the AGV 

traction system efficiency. Therefore, navigation method, path 

plan and permissible motor duty cycle given in motor datasheet 

should be analysed together.   

 2) Importance of EMC/EMI in an AGV Fleet 

 The minimum distance between AGVs for collision 

avoidance is a design parameter for path planning algorithm. 

Additionally, when developing the path planning, potential 

EMI (electromagnetic interference) problems between AGVs 

should also be considered to avoid the EMI problems as well.  
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In [21], EMI risks and analysis is studied for battery electric 

vehicle in traffic that can create interference to vehicles nearby. 

Same risks are valid for AGVs.  

3) Available battery energy and payload 

AGV payload capacity for a predefined task can be 

estimated depending on the available battery energy. This type 

of estimation can prevent deep discharge of the battery and also 

prevent undesired stops of AGV during the operation.    

 

4. CONCEPTUAL DEVELOPMENT OF AGV 
TRACTION SYSTEM 

4.1. Relationship between traction topology and traction 
system specifications 

Steering of an AGV can be realized either by differential 

control or steerable drive system. Steerable motor drive  

 

 

 

systems are commonly used if AGV has longer length ( > 2m) 

and smaller turning radius is required. Some examples of  

commercially available steerable systems are given in [22-24]. 

Total system efficiency and maintenance requirements of 

steerable drive system should be discussed with the suppliers.  

The most common topologies and steered drive systems are 

listed below [22-25].   

1. Two-wheels active steered, two wheels passive driven 

systems. 

2. Steering system with two steered wheels and rotating 

180 º or 360 º. 
3. Steerable drives designed as a compact system  including 

one motor for steering and one motor for traction system.                                                             
4. Omnidirectional AGV which can move in all directions 

and rotate 360º. The number of wheels can be four or six. 

Most of the AGVs used in automotive production plants can 

have a payload capacity between 600 kg and 3000 kg. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1.  AGV performance parameters and improvement possibilities on process KPI ( Key Performance Index) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Main development steps of subsystems of an AGV 

Effected Production KPI 

 Production 

throughput 

 Manufacturing lead-
time 

 

 

AGV performance parameters -1  

 Operation speed of AGV 

 Charging method and battery 

chemistry enabling fast charging 

 System efficiency of AGV electric 

power system and efficient use of 

battery 
 

 

Improvement in 

production by OEE 

metric 

OEE: Overall Equipment 
Effectiveness 

OEE = (Availability) × 

(Performance) × (Quality) 
 

AGV performance parameters -2  

 Component failure rates 

 Operation without error messages in 
any electronic component 

 Regular maintenance and check of 
AGV health status 

 
 

Effected Production KPI 

 Work in progess 
(WIP) 

 Downtime of 

workstations 
 

 AGV system controller  

 AGV topology selection: Differential control, steering based control or omnidirectional control 

 Development of software functions: path planning, localization, traffic management 

 Implementation of navigation methods  

 Networking of electrical equipments inside AGV 

 Signal processing of sensor data 

        Electrical system 

 Wiring design  

 Integration of charger and  BMS into AGV system 

controller 

 Circuit protections  
 

 

      Mechanical system 

 Structural analysis, calculation of maximum radial 

forces per wheel. 

 Modelling of kinematic system  

 Suspension design, if required 

 

        Traction system  

 Physical dimensions of motor, inverter, gearbox 
and wheel. 

 Motor and gearbox sizing 

 Permissible maximum radial forces per wheel. 

 Specifications of the inverter and motor for the 
required traction power and positioning accuracy 

of AGV 

 
 

       System safety and certifications 

 Configuration of safety PLC 

 Functional safety and reliability, FMEA analysis 

 Compliance with standards such as machine 
safety, EMC standards 
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When selecting the AGV traction topology, the 

requirements for the following operation conditions should 

be defined: 

1) Minimum radius for cornering 

2) AGV length 

3) Type of operations of AGV such as AGV carrying 

robot arms or an AGV carrying a payload is a critical 

parameter for the positioning accuracy 

4) Maximum inclination 

5) Irregularities of operation floor that can cause 

vibration. 

6) Minimum required  AGV speed during cornering 

7) The selected motor and inverter combination should 

produce the required torque at the requested 

minimum speed operation. The second issue is the 

motor position accuracy at the requested minimum 

speed. 

8) If required, design of suspension for each wheel 

9) Physical dimensions and available space for the 

selected topology 

 

In [25], AGV topologies shown in Fig.3 is studied 

considering three design parameters: maneuverability, 

stability, and controllability. As stated in [25], in order to 

maintain AGV stability at least three wheels should be in 

ground contact. Four and more wheels can improve stability 

and in this case flexible suspension system is required in 

order to maintain contact of each wheel to the ground [25]. 

In [26],  AGV suspension design is studied. A suspension 

system acts as a mechanical filter and maintains the stability 

of AGV [26]. 

The suspension also provides mechanical protection to the 

motor and its bearings against vibration at imperfect floors. 

Based on the evaluation of these topologies, the decision 

can be given to use the steerable drive, differential drive or 

Omnidirectional system. Steered drive includes the motor, 

inverter, gearbox of traction system and steering mechanism 

driven by a separate motor and inverter as well.  

The type of vehicle wheel and wheel material should also 

be selected in conjunction with the traction topology. For 

example, in Omnidirectional AGVs, Swedish type or 

Mecanum type wheels provide an extra degree of mobility 

with respect to conventional rolling wheels. An AGV design 

example with  Mecanum wheels is given in [27] . On the other 

hand, polyurethane wheels are primarily used in steerable and 

differentially controlled AGVs because of their advantages 

such as noise reduction, load-bearing capability, improved 

traction properties and resistance to corrosion [28]. Detailed 

datasheets are available in [28-30]. 

The design of Omnidirectional AGVs has been studied in  

[31-35].The steerable wheel has a rotating mechanism, 

including the traction motor and gearbox. Based on the 

received position reference, steerable wheel system can 

change its steering angle actively. Omni-directional wheels 

use a special wheel structure for movement in any direction. 

Swedish type wheels have been widely used in narrow 

maneuvers. Robot soccers is one of the typical applications 

[31]. 

 In [33-34], a novel MY3 type wheel is developed. MY3 

wheel is insensitive to dirt and any particles on the floor in 

any production environment. In [35], Omnidirectional AGV 

having 740 kg payload and driven by  Mecanum wheels has 

been studied, including the design details such as finite 

element analysis, calculation of radial forces, mecanum 

wheel design, motor sizing, electric schematics and test 

bench. Design schematics in [35]  indicate that an additional 

ball bearing and coupling are installed between gearbox and 

wheel are mounted for each wheel. In case the radial force 

limits of motor and gearbox per wheel can not handle the 

design limits, an external bearing system can be designed as 

shown in [35].Therefore, radial force limits of motor, gearbox 

and wheel should be analyzed in detail in datasheets. 

Assuming an equal distribution of total force per wheel, basic 

calculation of radial force per wheel is given as 

 
𝐹𝑟𝑎𝑑   = 𝑚/(𝑁𝑑𝑟  + 𝑁𝑠 )                                                        (1)   
      𝑚 =  (𝑚𝑝 + 𝑚𝑎𝑔𝑣)                                                        

 

Where:  Frad   : is the radial force per wheel [N]; 

              m     : total weight of AGV including payload 

mp    : payload [kg]  

magv  :  mass of AGV [kg] 

Ndr   : number of the motor driven wheels [-] 

Ns     : number of supporting wheels [-] 

 

However, this calculation assumes that all of the wheels 

are always in contact with the ground. In case of irregularities 

on the floor, one wheel may not be in contact with the floor. 

In this case, the radial force per wheel will be higher than the 

calculated radial force in (1). Such worst cases should be 

included in the calculations.  

4.2. Motion control loops in an AGV 

As depicted in Fig.4, AGV system controller calculates 

the position reference based on the target trajectory planning 

algorithm (TPA). Inverters (motor controllers) run in speed 

control mode following the output of the TPA. Similar 

control configuration is also studied in [27,36-37]. 

Motion control accuracy is very much dependent on the 

odometry system and its accuracy. Odometry is the 

calculation method of relative position of AGV. Odometry 

errors are due to the changes of the wheel elasticity at load 

variation and wheel slip.         

In [38], it is proposed that encoder mounted on the non-

driven wheel axle can eliminate errors caused by the wheel 

slip while applying the braking or driving torque by the 

motor. Odometry errors and solution proposals are studied in 

detail in [38]. 

 

4.3. Definition of specifications of AGV traction system 
components 

Basic components of the traction torque are acceleration, 

friction and inclination torques as expressed by equation 2,3,4 

respectively.  

A template for motor sizing of an AGV are given [39-40]. 

In addition to the calculation methods in [39-40], RMS (root 

mean square) torque over a given period of operation should 

also be calculated to verify that RMS torque representing the 

load torque is equal to or less than the rated torque [41].  

RMS torque can be calculated as given in equation (6). A 

detailed motor datasheet is available in [42].   
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𝑀𝑎𝑐𝑐 =  𝑚
𝑑𝑉

𝑑𝑡
 .                                                                      (2)     

 

𝑀𝑟𝑟 =  𝑚𝑔𝑓𝑟 .                                                                       (3)          

                                         
 

𝑀𝑔𝑟  =  𝑚𝑔𝑠𝑖𝑛(𝜃).                                                              (4)  

 

𝑀𝑡𝑟𝑎𝑐𝑡 = 𝑀𝑎𝑐𝑐 + 𝑀𝑟𝑟 + 𝑀𝑔𝑟 .                                         (5)  

 

 

𝑀𝑟𝑚𝑠 =  √
𝑀1

2𝑡1 + 𝑀2
2𝑡2 + 𝑀3

2𝑡3 + 𝑀4
2𝑡4 + 𝑀5

2𝑡5

𝑡1 + 𝑡2 + 𝑡3 + 𝑡4 + 𝑡5

 .    (6)     

 

    m is the total weight of AGV as given in (1) ,fr is the rolling 

friction coefficient of the AGV wheels, and 𝜃 is the 

inclination angle of the operation floor. 

In fig.5, change of traction torque is given for an example 

duty cycle. It is assumed that AGV operates based on the 

operations as described below: 

 

 

M1: Acceleration torque at maximum payload. 

M2: Torque at constant speed operation. Payload is 

maximum. 

M3: Deceleration torque to lower speed.   

(short resting period can be applied at the end of t3) 

M4: Acceleration torque at reduced payload. 

M5: Torque at constant speed operation at reduced payload. 

Durations of operations for each of the torques M1, M2, 

M3, M4, M5 corresponds to  t1, t2, t3, t4, t5 respectively. 

A sample duty cycle of AGV can be recorded during a test 

operation including the frequent start-stop operations at peak 

loads and possible inclination angles. Recorded duty cycle 

can be used for calculation of RMS torque.   

Most of the motor and inverter suppliers have available 

products designed for 48 V DC input.  

PWM frequency of inverters used in AGVs can be in the 

range of 12-24 kHz. Higher PWM frequency, in principle, 

increases inverter switching losses and motor core losses as 

well. Therefore, combined efficiency of the motor and 

inverter is necessary for energy consumption and energy 

management as well. 

 

 
(a) Omnidirectional                  (b) Differential                  (c) Omni-steer                   (d) Tricycle                       (e) Two-steer                  

Figure 3.  AGV traction system topologies [25] 

 

 

 
Figure 4.  Basic schematics of AGV motion control and critical system parameters 
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In case of a combination of motor and inverter from  

different suppliers, a combined efficiency map of motor 

and inverter can be derived by performing an efficiency 

test on a dynamometer test bench. In this way, efficient 

operation points on the motor efficiency map can be 

chosen for the target duty cycle. 

Important details on component selection and 

application of AGV traction system are summarized 

below: 

Inverter  

 Speed control performance, available peak torque and 

speed accuracy below 200 rpm should fulfil the low 

speed AGV performance requirements (i.e. Vx < 

0.1m/s) at maximum loads. 

 The setting of the S-ramp profile in the inverter enables 

smooth start and stop, and can improve the  positioning 

accuracy during stops. 

 Safe torque OFF function, compliance with safety 

standards  EN61800-5-2, PL e CAT3 EN ISO 13849-

1:2015, SIL3 EN 61800-5-2:2017 [43].    

 Use of brake resistors at the DC input terminals of the 

inverters provides overvoltage protection of battery 

and inverter in case of rapid deceleration and 

emergency stop conditions at maximum payloads. 

Motor 

 Cogging torque in permanent magnet motors causes 

speed and torque ripples, especially at speeds below 

200 rpm. Cogging torque should be minimum in order 

to improve the AGV positioning accuracy [44].    

 Maximum requested torque at the maximum ambient 

temperature should be verified by the motor datasheets. 

 Efficient motor operation will reduce the motor thermal 

load, and provide longer duration of operation due to 

the efficient use of the battery energy. Efficient 

operation of the motor can be realized if the 

combination of gear ratio and motor speed reference  

yields an efficient operation point on the motor 

efficiency map. 

Speed ranges between 0-300 rpm is typically not  an 

efficient operating point for a motor having 3000 rpm 

rated speed.                            

Motor and Gearbox  

 Radial force limit (RFL) at maximum load is the 

critical mechanical limits the maximum payload 

capacity. RFL is also a critical regarding the 

lifetime of motor bearings and gearbox. 

  Gearbox 

 Lower backlash reduces positioning errors. 

 Higher gear ratios reduces the load inertia reflected 

at the motor shaft, and hence enables easier tuning 

of the speed controller of the inverter. 

 For the same power requirement, choosing a high 

gear ratio enables shifting the motor's operating 

point to the high-efficiency region, which can be 

greater than 85 % and energy saving as well.  

Battery 

When operating at maximum levels of inclination, 

operation at maximums of speed, load, and acceleration 

should be avoided. Because this is the worst case for the 

energy consumption and causes rapid discharge of the 

battery. 
 

5. INTEGRATION AND APPLICATION ASPECTS 
OF AGV TRACTION SYSTEM  

5.1. Preventive measures against the failure of AGV 
traction motors 

AGV is an enclosed vehicle without any airflow inside. 

Most of the traction motors of AGVs are naturally cooled 

and can be exposed to overload cyclically because the 

operator can exceed the payload limits. If the specifications 

at conceptual development does not consider real-life 

operation conditions, motor premature failures such as 

winding and bearing failures can occur. As a consequence 

of this, undesired shutdown can occur. 

Due to the lack of studies on motor and inverter failures 

specific to the AGV applications, relevant studies from 

industrial and electric vehicle applications are reviewed 

which can provide also input to the AGV applications. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5. An AGV duty cycle example for RMS torque calculation 
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In order to prevent component failures, as a general 

rule, the unsymmetrical distribution of payload placed on 

AGV should be avoided as it can cause electrical and 

mechanical overloading of motors and gearboxes either on 

left or right side of AGV. It can also cause exceeding the 

radial force limits of bearings and gearboxes. 

In [45], it is stated that thermal stresses, mechanical 

vibrations and humidity are the first three causes of 

inverter failures caused by long-term wear-out. Inverter 

manufacturer's test conditions in the production phase may 

not match the field operation. Considering the cyclic 

overload conditions, ambient temperature variations, and 

mechanical vibrations due to the floor imperfections, 

inverters used in AGVs can easily be exposed to the failure 

risks analyzed in [45]. 

In order to prevent failure of AGV during the operation, 

a list of possible motor failures are briefly given here, and 

possible solutions are discussed. Most typical motor faults 

occur in stator, rotor and bearings. Common stator faults 

are due to thermal overload or short circuited turns inside 

the stator windings. Bearing faults can be caused by 

thermal overload, mechanical overload, and shaft 

misalignment. In induction motors, broken rotor bar 

failures can occur due to prolonged and frequent 

acceleration at high torque applications.The causes of 

motor failures  and solutions are studied in [46-50]. 

These problems have a slowly progressing nature, and 

therefore may not activate a protection function instantly. 

However, they can cause instant failure anytime, which 

can cause production stops. In [47], it is stated that almost 

50 % of all motor failures are related to mechanical faults. 

Electrical faults of the motors can also increase noise and 

vibration. Consequently, noise, vibrations, and finally, the 

total damage to the machine and the mechanics can occur 

if the failure is not detected and isolated. 

The list of proposed preventive measures are given 

below: 

 Road imperfections should not cause violation of 
permissible vibration at the motor shafts and 
gearboxes. Suspension design can be considered 
as a solution. 

 The inverter's current and torque limits should be 
set to limit the requested maximum torque, 
protecting the motor against overloading.  

 In order to prevent any premature failure and 
detect the design problems at the earlier stage, 
AGV motors, bearings and gearbox should be 
tested periodically. Tests can be categorized as 
electrical faults and mechanical noises from 
shafts, bearings and gearboxes. Motor condition 
monitoring modules available in the market are 
not cost-effective for an AGV. An alternative 
solution can be use of motor and inverter test 
equipment [51] for periodic diagnosis. 

Thermal failure risks of AGV traction motors and 

inverters 

 Frequent acceleration at maximum payload. 

 Limited resting period for cooling of the motor 
and inverter. 

 For under-drive type AGVs, payload between left 
and right motors should be symmetrically placed. 
Otherwise, overheating risks of motor and 
inverter can also occur. 

 Exceeding the RMS torque limits during the 
operation periods. 

Proposed practical solutions 
 Use of motor temperature sensor. Statistical 

evaluation of motor temperature sensor to track the 
overheating risks through the operations. 

 Periodical temperature measurement of motor and 
inverters by thermal camera. 

 Correct settings of current and torque limits for the 
inverters. 

 Comparing RMS motor currents and motor 
temperature of  all traction motors installed on left 
and  right side of AGV for a given duty cycle. This 
can be helpful to evaluate the load share between 
left and right side motors. 

5.2. Energy-Efficient Operation of AGV 

Electrical supply of AGVs up to 3000 kg payload are 

typically lithium-based batteries. However, energy storage 

of heavier AGVs ( > 3000 kg) can be designed as hybrid 

systems such as battery and supercapacitor, or fuel cell and 

ultracapacitors [52]. Energy management of an AGV is 

required to predict if the next operation can be completed 

with the available battery energy. 

The tasks of energy management and efficiency 

optimization of an AGV can be categorized into six 

different levels, covering the software development at a 

higher level and optimizing the component specifications 

and efficient operation of the traction system at the lower 

level. A summary from the state of the art is given below: 

1) Energy consumption and prediction models for a given 

load and speed profile: In [52], variation of power and  

SOC of the AGV energy storage system is simulated for 

different operation conditions.  

2) Path planning minimizing the distance:  In [53],  using 

the linearized AGV model, path planning control is 

implemented using the constraint of minimum energy 

consumption.  

3) Energy-efficient design of traction system considering 

the most efficient operating points: Detailed analysis of 

power and energy consumption of AGV is studied in [54-

55].  In [54], it is reported that the higher AGV speeds yield 

higher efficiency and less battery energy consumption. 

This is due to the operation of motors at higher efficiency 

points. On the other hand, in [55],  2 m/s AGV speed yields 

rather higher energy consumption such as 0.423 kWh 

whereas reducing the AGV speeds to 0.7 m/s reduces the 

energy consumption to 0.305 kWh in one of the test cases. 

One reason can be increase of friction of mechanical 

components at higher AGV speeds. Complete model on 

losses of mechanical and electrical components and 

efficiency map of traction system is required for evaluation 

of energy efficiency measurements of AGVs. 

4) Flux optimized induction motor control: Optimized flux 

operation of an induction motor at no-load and partial load 

of AGV can be potentially effective function for energy 

saving. This function is available in industrial applications 

like pumps and HVAC and it stills needs to be developed 

for AGV inverters. In [56], the flux-optimized induction 

motor is studied for an electric vehicle. 

5) Utilization of regenerative energy: Regeneration can 

occur mostly while decelerating from high speed ( i.e. from 
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2000 rpm motor speed) to standstill or low speed ( i.e. 200 

rpm range). In order to utilize the benefits of regeneration, 

AGV duty cycle can be planned to operate at high speed 

range. 

6) Optimization of operation variables by data analytic 

tools: Operation variables involving in energy 

consumption can be optimized using the data analytic tools 

as given in [57]. These variables can be AGV speed, path 

plan, acceleration time, maximum load, periods and speed 

of charging time. 

In Fig.6 and Fig.7, power and energy consumption 

from the battery terminals of an AGV used in automotive 

production has been given at 0.087 m/s, 0.174 m/s, 0.349 

m/s, 0.698 m/s longitudinal vehicle speeds for 10 m 

distance for each speed.  Tests are performed without any 

payload. The results are in parallel to the results reported 

in [54].  Energy consumption of an AGV is higher at lower 

speeds and lower at higher speeds for the same distance. 

Because, motor efficiency is increasing as the speed goes 

higher.  

Best efficiency can be around 96% for permanent 

magnet synchronous motors.  

In case of an energy efficient control of an AGV, 

energy management software module can select the speed 

which can yield most efficient point corresponding to the 

actual payload. 

 

6. ELECTRICAL SYSTEM DESIGN OF AGV  
          

AGV inverters operate at high PWM switching 

frequency (12 kHz-24 kHz range) and high current ratings  

( ranging from 50 A up to 450 A peak motor currents)  at 

48 V DC input. High current power cables and low current 

signal cables and sensors are installed in the same limited 

space in an AGV.  Therefore, it is critical to apply all basic 

EMC /EMI design rules. EMC guidelines are given in [58-

59]. Shielding of power and signal cables and minimizing 

the length of the cables between the battery and inverters 

are the  basic and critical rules.  

Operation of inverters at high PWM frequency and at 

high current  can increase the risk of  interference to signal 

cables of system controller, PLC and sensors. EMC/EMI 

issues should be considered during the layout design and 

can be minimized by performing a precompliance test 

during the prototype phases. In this way, on-going 

problems can be detected at the earlier phases of the 

development. 

6.1. EMC compliance of an AGV 

EMC test compliance of all electrical components 

referring to the EN 61000-6-4  standard should be verified 

at the design phase. A list of EMC and machine safety 

standards for AGV is given in [60]. 

Charger should unit should fulfil the conducted 

emission standard for  the grid. 

When the AGV fleet operates in a given zone, each 

AGV can radiate noise to each other and other electrical 

components in the same operating zone. In [21,61],  

analysis and solutions are studied for battery electric 

vehicles considering the EMI (electromagnetic 

interference) risks in traffic,  which also provides inputs 

for EMC/EMI issues of AGVs.  

The root causes of EMI problems in electric vehicles 

are the same in AGVs as power electronics components 

can cause interference to the electronic control modules 

and sensors inside AGV.                                                                                                     

Component selection with the relevant EMC 

certificates and design and layout of electrical cabling 

considering basic EMC rules should be included in the 

conceptual development phase. 

 

6.2 Common mode currents in AGV motor and 
inverter 

In this section, possible interactions between common 

mode currents created by inverter and  EMC/EMI related 

problems of an AGV is discussed briefly. Common mode  

currents (CMC) induced by common-mode voltages of 

inverter and its effect on bearing failures have been studied 

extensively in industrial applications and recently realized 

as a design and application problem in electric vehicles 

[62-71]. 
CMC currents flowing through the motor bearings are 

also called as bearing currents. 

Schematics given in [62] can be used to analyze the 

problem for an AGV as well. 

As stated in [62], some part of CMC can follow a return 

path to the inverter through the vehicle body causing large 

EMI problems. Same risks are valid for AGVs. Moreover, 

AGVs can have two, four or six motors which can amplify 

the EMI problems. Considering the high frequency content 

of CMCs, it can increase the interference risks to the AGVs 

nearby and electrical equipments inside and outside of 

AGV. 

Unlike an electric vehicle, AGVs carry a payload based 

on their loading profile and bearings are exposed to load 

most of the time. Therefore, bearing currents caused by the 

inverter can potantially accelerate the failure of bearings in 

AGVs.   

Further researches are needed to analyze the risks of 

bearing currents at 48 V operation and inverter PWM 

frequency range between 10 kHz-24 kHz.  

A solution on the motor side is to apply specially 

designed  insulated bearings [69]. Another solution is using 

a common mode filter that is not as effective as the 

insulated bearing; however, it can mitigate the problem. 

Measurement of shaft voltages by measurement 

instruments like in [51] is the practical way to evaluate the 

risks of bearing currents and potential EMI risks as well. 

Detailed analysis and solution proposals on CMC are 

studied in [62-71]. 

 

6.3. Electrical safety against electrical arc 

It is known that  48 V systems draw a higher current 

than 400 V supplied electrical systems at the same 

electrical power. 

An electric arc can occur at voltages higher than 16 V 

DC [72]. Although 48 V is electrically safe to the human 

body,electrical arc in a broken cable or loose contacts can 

cause the burning of components and fire [72-75]. 
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Due to exposure to vibration at surface imperfections, 

temperature variations, dust and humidity in the operation 

environment, electric arc due to the loose connections can 

occur inside AGV.  

Therefore, any arc inside the AGV should be detected, 

and an emergency stop should be activated immediately.  

In [75], arc occurrence and hazards in battery-supplied 

DC and AC supplied systems have been analyzed.  

Occurance of an arc is a safety-critical situation 

considering the space limited layout of AGV components 

and lithium based batteries used as energy storage of  AGV. 

Moreover, if AGV should carry a payload like a lithium 

battery in an electric vehicle production, electrical safety of 

the battery inside the AGV is even more critical.  

As stated in [73], the consequences of an arcing short-

circuit or earth-fault inside a low voltage panel can be very 

disastrous. The extremely hot electric arc can destroy 

valuable equipment causing prolonged and costly 

downtimes. 

Protection solution for 48 V automotive systems is given 

in [72]. 

Arc flash detectors in medium and low-voltage 

switchgear systems given in [74,76] can be also used in 

AGVs designed at high power levels. Because the arc flash 

sensors operate based on the light occurred by the arc.  

 

6.4. Regeneration and use of brake resistor 
 AGV traction system can regenerate when decelerating 

from maximum speed to standstill or low speeds.  

Inverter overvoltage failure can occur in case of rapid 

deceleration or emergency stops at maximum payload 

condition.  

 A brake resistor connected to the DC input terminals of 

inverter can protect the battery and inverter against 

overvoltage. 

Detailed electrical design guidelines for an AGV motor-

inverter application can also be found in [77]. 

 

 

 
Figure 6. Electrical power consumption of an AGV at four different speeds. Payload is set to zero. 

 
Figure 7. Energy consumption for the condition given in fig.6. 
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7. FUTURE TRENDS FOR AGV TRACTION MOTOR 

AND INVERTERS  

Estimated future trends for the optimized AGV traction 

system are summarized below: 

 

1) Integrated motor and inverters 

The availability of integrated motors and inverters 

(IMI) are limited for AGVs. However, the IMI provides 

tested performance and preset tuning by the supplier. As 

the cable between the motor and inverter is eliminated, 

IMI can mitigate dV/dt voltage stress at the stator 

terminals of the motor and reduce EMI problems as well. 

Because of the electrical benefits and compact 

dimensions of IMIs, AGV applications need IMI 

solutions.  

2) 48 V Induction motor as an alternative to PM 

motor:  

Due to the rapid growth of electromobility and AGV 

market, supply problems and price increase of rare earth 

elements has been discussed more than a decade and 

problem will be even more dramatic as the market for 

AGV and electromobility applications grow very fast.  

Induction motors are the best alternative to permanent 

magnet synchronous motors (PMSM) in AGV 

applications both technically and for cost reduction 

purposes. There are 48 V induction motor solutions in 

the market for AGVs [24,78]. 

3) 48 V Induction motor drives with optimized flux 

control at light loads:  

For pump and HVAC loads, this function is available 

in industrial induction motor drives [79]. Basic principle 

is to optimize the induction motor efficiency by 

optimizing the motor flux  and minimizing  the motor 

losses at light loads. This function is currently at the 

research level for electric vehicles [56,80] and a research 

is not available on AGV. It is difficult to develop it in a 

battery electric vehicle where the drive cycle and 

inclination angle can be highly variable which means 

motor load is highly variable. AGVs operate at 

predetermined speeds and loads. Therefore, induction 

motor flux optimization can be adapted to AGVs easier 

than electric vehicle applications. 

4) Temperature related power derating: 

New thermal concepts are required to mitigate the 

thermal de-ratings of all power components at high 

ambient temperatures. On the other hand, minus 

temperatures will decrease available AGV battery 

capacity and hence reduce the payload capacity as well. 

Unlike an electric vehicle, AGVs do not have a cooling 

system for motors, inverters and batteries. Derating 

behavior of both induction motor and PM motor should 

be compared above 40 º for an AGV duty cycle in real 

conditions.  

A possible remedy could be injecting cooled air into 

the motors by installing a cooling pipe when the AGV is 

parked while docking or charging.  This will be a similar  

to plugging the charging cable of an electric vehicle 

during the parking. Extra housing is needed for the 

motors so that the cooled air will only be injected into 

the motor and will not cause an increase of humidity to 

the other electrical components inside the AGV. 

At minus temperatures, payload capacity will be 

limited because of the limited battery discharge current. 

Therefore, temperature of the operation environment 

should comply with the allowable operation temperature 

of AGV battery. 

Energy management strategies of an AGV has not 

been studied in detail in state of art. However, an energy 

management control module in AGV software, 

thermally optimized traction system and battery are 

mandatory for energy efficiency improvement at system 

level. 

5) SiC and GaN semiconductors:  

48 V supplied PM and induction motors and 

inverters are available at various current  ranges  

[24,78,81]. 

SiC and GaN technology will enable thermal and 

efficiency improvements in inverter hardware. For 

example, Texas Instruments has developed a 48 V 10 A 

inverter with GaN (Gallium Nitride) transistors  [82]. 

As stated in [82], advantages of GaN FET over 

Silicon FET can be described as having lower 

conduction losses, lower gate driver losses enabling 

faster switching, lower switching and conduction losses. 

All these improvements will increase the total system 

efficiency of the AGV. 

Considering the demand for higher  traction power 

for AGVs at 48 V, SiC and GaN technology is expected 

to be applied in AGVs in the near future. 

 
6) Motor control functions: 

 Motor parameter identification: Combinations from 

different motor and inverter suppliers can be 

implemented if motor electrical parameters can be 

identified by the inverter. This is not a common function 

in AGV inverter. 
 Duty cycle estimation for a given AGV operation: 

Estimated motor shaft torque as a function of time can 

be logged in inverter. Based on the logged data, motor 

power sizing and RMS torque calculation can be done 

based on a defined duty cycle. 
 Motor condition monitoring algorithms embedded 

in inverter can increase the reliability of AGV operation. 
7) Monitoring functions to support cyber security: 

 Suspicious and irregular acceleration patterns can 

be detected by tracking the motor current and speed  by 

the inverter and reported to system operator. Emergency 

stop against a suspected cyber attack can be performed 

in such a case. 
8) Inverter communication interface: 

 ROS systems enables practical implementation of 

communication between the electronic modules. There 

is a growing need for ROS compatible inverters. 

 In order to facilitate the system integration, AGV 

inverters should be designed to have optional 

communication interface modules supporting the most 

commonly used communication protocols such as 

Profinet, EtherCAT, CANopen, Modbus RTU, and 

USB. 
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8. CONCLUSION 

In this paper, the AGV traction system, critical 

development and integration parameters have been studied. 

It is concluded that all subsystems of an AGV have 

interaction with each other. Each phase of conceptual 

development has impact on performance of AGV in the 

operation environment. New generation AGV traction 

systems should be optimized for higher efficiency. Thermal 

optimization is also required for improvement of available 

motor power. Energy management algorithms should be 

developed specific to AGVs. Energy efficiency of AGVs at 

system level will be critical performance indicator for the 

plant’s energy efficiency as well. 
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1. INTRODUCTION  
 
Today, where humanity's energy needs are increasing day by 

day, renewable energy sources have become an important 

alternative to meet this need and reduce the dependence on 

fossil fuels. Photovoltaic (PV) systems, which produce 

electricity, especially from solar energy, are the most preferred 

renewable energy sources. In addition, PV panels have an 

important effect on the spread of these systems with the 

incentives given to the electrical energy produced by them. The 

interest in PV systems helps decrease production costs, and 

also, this system becomes more advantageous as a cheaper 

energy source. PV systems have important advantages in grid-

connected and off-grid systems in modular structures, 

accessible design, and hybrid operation with different sources. 

These systems allow electricity production in a wide range, 

from a small system that can meet the needs of a house to a 

large power plant that can meet the energy needs of a region. 

For this reason, it is an energy source that can be used by both 

end consumers and large energy investors. 

Many studies focus on the ability of PV systems to produce 

more efficiently in this wide production range, their integration 

with the existing grid, proper positioning, and operation in 

hybrid systems [1-4]. In one of these studies, the advantages of 

positioning the PV panels at the appropriate angle were 

analyzed [4,5]. In addition, the effect of data resolution on the 

sizing of the hybrid energy system supplied with off-grid PV 

panels and wind turbines has been investigated [2]. Another 

study examined the economic analysis of solar tracking 

systems in a hybrid pumping system with PV panels [6]. The 

experimental setup has been done for analysis of the PV 

performance [7]. Also, performance comparisons of PV panel 

types with different production structures under real 

environmental conditions have also been carried out [8, 9]. 

These studies provide important information for more 

efficient operation of the systems in which PV panels will be 

used. Especially, general weather data of the region and 

efficiency parameters for the PV panels are used in the 

calculations made during the investment and projecting phase 

of large-scale solar farms [10]. In another study, the 

performances of monocrystalline and polycrystalline panels 

were compared under the same ambient conditions [11]. In one 

project in Morocco, different PV panel technologies were 

installed in 20 other cities, and the energy performance of the 

system was tested [12]. In addition, the long-term performance 

of PV panels in tropical climate conditions was also 

investigated [13]. The performance of PV panels is affected by 

environmental conditions directly. In one of the related studies, 

the performances of different PV modules have been compared 

under Australian climate conditions. [14]. Most studies aim to 

determine the factors affecting the performance of PV panels 

in real application conditions. Most of them use more general 

data (hourly and/or daily measurements) to do this. However, 
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more dynamic data should be used for better results and 

accurate calculations. 

PV panels are formed by combining PV cells with different 

sizes and power values. It is a fact that the efficiency and 

performance of the PV panels in the real system will directly 

affect the depreciation period and the profit to be obtained from 

installing the solar power plant. Generally, during the 

projecting phase of solar power plants, a general installation 

power analysis is made based on technical document data. For 

this reason, analyzes made only on the price or public values of 

the panels cannot obtain sufficient dynamic results. However, 

with the widespread use of dynamic pricing in energy markets, 

the importance of instantaneous power generation from power 

plants will emerge. 

In this study, the situation of the PV panel manufacturers in 

the market to create 100kW solar power plants using five 

different PV modules in the same power band has been taken 

into account. The performances of five different PV systems 

with the same power have been analyzed in the simulation 

environment with the measured data at the exact location and 

weather conditions. PV models created in the 

MATLAB/Simulink program were used. 

This study is organized as follows; in section 2, 

mathematical description of PV panel and electrical modeling 

are explained. In addition, the modeling of the PVs is given 

detailed. In section 3, the performances of different PV panels 

under the same conditions are analyzed with the case study. 

Finally, the outputs obtained in the results section were 

evaluated, and suggestions and conclusions were stated. 

 

2. MODELING OF THE PV SYSTEMS 
 

First of all, PV panels must be modeled in order to analyze the 

proposed system structure. A detailed description of the model 

used for this purpose is given below.  

The five parameters used in the modeling of the PV cell are 

determined respectively as; a current source (IL), a diode (I0 and 

D0), a series resistor (Rs), and a parallel resistor (Rsh). The 

current-voltage characteristics of the PV cell have been 

determined by using the relevant parameters. Accordingly, the 

mathematical definition of a single PV cell can be made with 

the equations given below; 

 

Id = I0 + [exp (
Vd

VT

) − 1]                                 (1) 

 

where Id is the diode current (A), Vd is the diode voltage 

(V), and I0 is the diode saturation current (A). 

 

VT =
KT

q
× DI × Ncell.                                        (2) 

 

where k is the Boltzmann constant (1.3806e-23), T is the 

temperature of the cell (K), q is the magnitude of the charge of 

an electron (1.6022e-19) and DI is ideality factor of the diode. 

Ncell is the number of cells that are connected parallel and series 

in the PV module. 

The electrical model of the PV cell, which has been 

modeled with related parameters, has been given in Figure 1. 

In the literature, the electrical model of the PV cell has been 

used as a single-diode model and a double-diode model. In this 

study, a single-diode electrical model of the PV has been 

chosen. 

 

 
 
Figure 1.  Electrical model of a PV cell 

 

PV module is constructed by making a Ncell number of 

connections between PV cells. The serial and parallel 

connections of PV modules and the formation of PV panels’ 

phases are given in Figure 2. 

 

Cell

Module

Panel

 
 
Figure 2.  The transition from PV cells to panels  

 

The PV model explained electrically and mathematically above 

is found as a ready model on MATLAB/Simulink setting [15]. 

Some panels' information is already included in this model, and 

new panel data can be defined manually. The information 

required to prepare the PV model on MATLAB/Simulink 

media is given in Table 1. 

 
TABLE I   

TECHNICAL DATA OF PV PANELS  

Symbol Parameter 

Voc (V) Open circuit voltage  
Vmp (V) Opt. operating voltage  

TCOC (%/deg.C) Temp. coefficient of Pmax  

Isc (A) Short circuit current 

Imp (A) Opt. Operating current  

TCSC (%/deg.C) Temp. coefficient of short circuit current 

Ncell Number of cells  
  

 

3. CASE STUDY 
 

Five different PV models are obtained using the data given in 

Table 1, which are sold in Turkey. The measured radiation and 

temperature values of each model are defined, and the expected 
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current and voltage values are determined. Each one of the PV 

modules has the same output power. In order to obtain the same 

output power with suitable voltage and current values, the PV 

modules are brought together with 100 parallel and 10 serial 

connections. In this way, five separate solar farms are formed 

with 300kW power values. 

The radiation and temperature values used in the analysis 

are acquired through the Vantage Pro2 weather station 

measurements in Istanbul, Turkey. This weather station is 

connected to an interface monitor in the main station where the 

data is collected with wireless communication. The data is 

saved to a computer system through the interface. The 

measured data is saved in minute intervals for better 

demonstrations of the dynamic performances of PV panels. So 

that the effects of dynamic radiation and temperature variables 

on PV performances can be observed clearly. In addition, the 

newest models of 5 different PV brands in Turkey market are 

chosen, which have 300 W power output and monocrystalline 

structure. The parameters of the determined PV panels modules 

(Under Standard Test Conditions; 1000 W/m2 radiation, 

spectrum value AM 1.5, and cell temperature 250C) are given 

in Table II [16-20]. 

 
TABLE II   

PARAMETERS OF DIFFERENT BRAND PV PANELS 

Parameter PV1 PV2 PV3 PV4 PV5 

Pmax (W) 300 300 300 300 300 

Voc (V) 39.9 39.7 39.4 39.8 40.1 

Vmp (V) 32.6 32.5 32.4 32.6 32.7 

TCOC (%/deg.C) -0.34 -0.29 -0.29 -0.29 -0.30 

Isc (A) 9.65 9.83 9.76 9.77 9.66 
Imp (A) 9.21 9.24 9.26 9.19 9.16 

TCSC (%/deg.C) 0.06 0.05 0.05 0.05 0.04 

Ncell 60 60 60 60 60 

      

 

According to the parameters given in Table II, current-voltage 

and power-voltage graphs of selected PV panels are shown in 

Figure 3.  

The view of the system created in MATLAB/Simulink 

environment for performance analysis of PV modules is given 

in Figure 5. The panels are connected in series and parallel so 

that the nominal output power of each PV system is 300 kW. 

The DC bus voltage (output voltage) of the system is selected 

as 400V. For this reason, each model module is connected as 

10 serial and 100 parallel cells. 

Since the study aims to obtain dynamically how the output 

power of the five different PV panel systems change when 

using dynamic radiation and temperature data, if only DC 

output power has been considered. Maximum power point 

trackers (MPPT) and converter and/or inverter structures used 

are in the practical applications of PV systems. However, these 

parts have not been taken into consideration for this study. One 

of the reasons the related power electronics systems are not 

included in the simulation study is that the modeling of the 

related systems is carried out at high-frequency values, so long-

term (weekly) simulation analysis is not possible with existing 

computer hardware. 

 

 

 

 
 

  

 
Figure 3.  Current-voltage and power-voltage graphs of selected PV 

modules 

 

 

 
 
Figure 4.  MATLAB/Simulink comparative model of PV panels 

 

 For the analysis study, seven days (a week) real radiation and 

temperature data are used as given and explained in Figure 5. 
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Figure 5.  Measured weather data for one week 

                    a) Radiation b) Temperature 

 

The related real-life data is gained through a weather station 

located in Istanbul, the European side, in which various 

weather conditions are chosen for each day. So, it is aimed to 

examine different real-life conditions of PV panel 

performances that can come upon a sunny day, partly cloudy 

day, and cloudy day. Depending on the compare/ contrast study 

of the data, the power value differences of the PVs are given in 

Figure 6. 

 

 
a) 

 
b) 

 
Figure 6.  Generated powers of the different PVs 

                     a) Cloudy day 

                     b) Sunny day 

 
In Figure 6, the dynamic performances of five different PV 

panels are given for the sunny day and cloudy day conditions. 
In order to observe the dynamic variations better, the time 
interval is limited for power value differences in Figure 7. In 

addition, the total energy production of PV panels is a critical 
criterion for massive PV farm performances, which directly 
affects the investment feedback and system profits.  

Depending on the performance examination, the total energy 

production of the PV systems with the same power values and 

different weather conditions are calculated for one week time 

interval. Based on the survey above, weekly and yearly 

calculated energy values are given in Table III. 

 
TABLE III   

ENERGY PRODUCTION OF DIFFERENT PV PANELS 

Parameter PV1 PV2 PV3 PV4 PV5 

Generated 

energy (week) 

56620 

MWh 

57168 

MWh 

57113 

MWh 

56600 

MWh 

56386 

MWh 

Generated 

energy (annual) 

2944 

GWh 

2972 

GWh 

2970 

GWh 

2943 

GWh 

2932 

GWh 

      

 

When the data in Table III is analyzed, the PV2 system 

provides; 28496 MWh higher than PV1, 2869 MWh higher 

than PV3, 29536 MWh higher than PV4, and 40664 MWh 

higher than PV5 in terms of the energy production 

performances. That is because PV2 has better performance than 

others on cloudy days. Based on that, PV2 has generated more 

energy than others. Hence, the PV panel's dynamic 

performance is critical, which should be analyzed before 

choosing a PV panel product for investment. 

  

4. CONCLUSION 
 

PV panels are making rapid progress in terms of being an 

important energy source of the future. In this study, the 

performances of panels produced by different brands with the 

same power output in real weather conditions were compared 

over the simulation model. In the relevant model, the technical 

parameters of each PV panel are taken into account. The 

performance study was examined with the measured dynamic 

radiation and temperature data in this comparison. The 

calculation error because of using only the label power values 

is analyzed. It turns out that a general calculation based on the 

label value and the sunshine duration causes more errors than 

the calculation with dynamic data. In addition, it is seen that 

considering only the panel price is not sufficient for the total 

benefit to be obtained from the panels. Each of the PV panels 

has different energy generation under the same conditions. PV2 

has the best energy generation performance. Annually the best-

performance PV panels generate 40 GWh more than the 

lowest-performance PV panels. 
The improvements to be made in the unit efficiency of PV 

panels will contribute to the generation of more electrical energy 

in smaller areas. Thus, it is certain that PV panels will consolidate 

their place in human life as an indispensable energy source in the 

future. In this way, PV panels, one of the most environmentally 

friendly and renewable energy sources, will also provide solutions 

for global warming and other environmental problems.  
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1. INTRODUCTION 
 

Gels can be defined as a semi-solid formulation with a 
solvent phase. They are located in a three-dimensional 
network structure, either nonpolar or polar [1]. Gels can be 
classified according to the bonds that hold the existing 
molecules together in the gelator network. In chemical gels, 
molecules are held together by covalent bonds while physical 
gels are joined by weaker physical forces of attraction, such 
as van der Waals interactions and hydrogen bonds. In many 
studies, it has been reported that non-polymeric, low 
molecular weight compounds called organogelators can form 
networks in hydrophobic solvents as a result of non-covalent 
interactions [2]. 

Although a wide variety of gelators have been identified 
in the gelation process, it is difficult to predict the molecular 
structure of a potential gelator [3]. Besides that, it may not be 
possible to predict in advance with which solvent it will form 
a gel. Currently, the discovery of gelators is still going on by 
chance. This is followed by screening research, testing 
different solvents which potentially compatible with the 
gelator. Estimation of the gelation potential of a molecule may 
seem possible by investigating its tendency for chemical or 
physical intermolecular interactions. However, it has not been 
possible to make generalizations so far. Many factors such as 
steric effects, stiffness and polarity can inhibit the aggregation 
tendency of the molecule [4]. 

In recent years, numerous examples of low molecular 

weight gels that are very useful as a new drug delivery tool 

have been shown in the literature [5, 6]. However, until now 

low molecular weight gels have been used to form gel from 

organic solvents and to examine the relationship between 

gelator structure and gelation abilities [7-9]. Organogels can 

be used in pharmacy, drug and vaccine applications. Low 

molecular weight gels provide an environment that increases 

the stability of encapsulated drug molecules, and helps to 

prevent enzymatic degradation during drug administration. 

Another benefit of use is that the spontaneous formation of 

gels takes place during formulation of the drug-loaded 

material [10]. Organogelator has not been studied much as 

drug carrier. However, organogels have some advantages as a 

drug delivery system [11]. Organogels are not affected by 

moisture and accelerate the penetration to the skin. Due to 

their organic character, they are also resistant to microbial 

pollution. The gelation and entrapment procedure as a drug 

carrier is quite simple and easy to use. Its biocompatibility, 

biodegradability and non-immunogenic properties eliminate 

harmful drug effects in long-term applications [12, 13]. 

 

2. MATERIALS AND METHODS 
 

2.1. Reagents and materials 
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higher than those prepared in common solvents. The organogel with the highest melting 
temperature is the gels made with isopropyl myristate and isopropyl palmitate. In addition, 
gelation enthalpy values ΔHg were found. According to the results obtained, it was 
determined that the highest ΔHg value belonged to the gel prepared with isopropyl laurate.  

 

Keywords:  
Gelation 
Tetraamide compounds 

Low Molecular Weight Organogelator 

 

 

Corresponding author: D. Barış Cebe 

ISSN: 2536-5010 | e-ISSN: 2536-5134 

DOI: https://doi.org/10.36222/ejt.1106639 

 

18

https://orcid.org/0000-0001-5860-2133
https://orcid.org/0000-0002-8513-7860


EUROPEAN JOURNAL OF TECHNIQUE, Vol.12, No.1, 2022 

 

Copyright © European Journal of Technique (EJT)                  ISSN 2536-5010 | e-ISSN 2536-5134                                    https://dergipark.org.tr/en/pub/ejt 

  

The organogelator was synthesized according to the 

procedure described in the related reference [14] (Figure 1). 

Fatty acid esters and common organic solvents were chosen 

as solvents. Ethyl laurate (LEE), ethyl palmitiate (PEE), ethyl 

myristate (MEE), isopropyl laurate (LIE), isopropyl palmitate 

(PIE) and isopropyl myristate (MIE) were selected as fatty 

acids and supplied from Merck Chemical Company. Anisole, 

xylene, liquid paraffin, n-dodecane, diethylene glycol, 1-

decanol, toluene, chloroform was chosen as common organic 

solvents, and supplied from Merck Chemical Company or 

Sigma Aldrich Chemical Companies.  
 

NHHN

NH
O

NH
O

OO

 
 
Figure 1.  Structure of the organogelator 

 
2.2. Determination of minimum gel concentration (MGC) 
 

1 mg of organogelator was placed in a tube with a 1 cm 

inner diameter and 1 mL solvent was added. This solution was 

heated to 20°C below the boiling point of the gelation liquid 

until the organogelator was completely dissolved. It was then 

cooled in a thermostated water bath at 25 °C. After about 15 

minutes, it was checked whether the solution formed a gel or 

not. If no gel was formed, 1 mg additional gelator was added 

and this process was continued until gelation was occurred. 

The concentration at which gelation occurred was determined 

as the minimum gelation concentration (MGC mg/mL) [15]. 

 

2.3. Determination of melting point of gels (Tg) 
 

A steel ball weighting 0.25 g was carefully placed on the 

surface of the gels prepared at the minimum gelation 

concentration. In a temperature-controlled oil bath, the 

temperature was increased at 1°C intervals until the steel ball 

dropped to the bottom of the tube. The temperature at which 

the ball started to fall was determined as the melting point (Tg) 

of the gelator. This method was repeated with gels prepared at 

increasing concentrations [16]. 

 

2.4. Determination of gelation enthalpy (ΔHg) 
 

Gelation enthalpy values were calculated via the van't Hoff 

equation (Equation 1) [17, 18]. The gelation enthalpy values 

of the organogelator were determined from the slope of the 

lines found by plotting the 1/Tg value against ln%Cg (gelator 

concentration in w%). Here, Cg is the gelator concentration in 

mol L-1, Tg is the phase transition temperature, and R is the 

Rydberg gas constant (R = 8.314 J mol-1 K-1). 

 

d ln[𝐶g]/d(1/𝑇g)  =  −Δ𝐻g/𝑅                      (1) 

 

2.5. Characterization of gel structure by SEM 

 

Gels are formed as a result of the three-dimensional 

network structure formed by organogelators with solvents 

[19]. These structures can be characterised by a SEM. Due to 

the high boiling points of the solvents used in current study, 

the reprecipitation method was applied while preparing the 

xerogel [20]. The gels were quickly precipitated in hexane 

because of insolubility in room temperature. In this way, 

solvents with high boiling points were transferred to the 

hexane phase. After the solvents were removed from the gel, 

the excess hexane was removed by freeze drying process. 

Thus, the gels were made suitable for SEM analysis. 

  

3. RESULTS AND DISCUSSION 
 
3.1. Determination of the minimum gel concentration 
 

The minimum gelation concentration (MGC) values of the 

organogelator were determined by performing gelation 

experiments in ethyl and isopropyl laurate, ethyl and isopropyl 

myristate, ethyl and isopropyl palmitate, anisole, xylene, 

liquid paraffin, n-dodecane, diethylene glycol, 1-decanol, 

toluene and chloroform. Accordingly, the organogelator has a 

better gel-forming capacity with fatty acid esters than 

common solvents. It formed a gel with all fatty acid esters at 

low concentration values. The gels with the lowest minimum 

gelation concentration are those formed by LIE and MIE. It 

formed gel with anisole, xylene, liquid paraffin, n-dodecane, 

which are common solvents (Table I, Figure 2). It did not form 

gels with diethylene glycol, 1-decanol, toluene and 

chloroform.  

 
TABLE I 

MGC VALUES OF THE ORGANOGELATOR (MG/ML) 

Solvents MGC 

Ethyl Laurate 2 
Isopropyl Laurate 1 

Ethyl Myristate 2 

Isopropyl Myristate 1 

Ethyl Palmitate 2 

Isopropyl Palmitate 2 

Anisole 3 
Xylene 2 

Liquid Paraffin 3 

n-dodecane 2 
Diethylene glycol no gelation 

1-decanol no gelation 

Toluene no gelation 
Chloroform no gelation 

  

 

 

         
    LIE                           MIE                             PEE     

 

          
 Xylene                  Liquid Paraffin      n-dodecane 

 
Figure 2.  Photographs of gels formed by organogelator with various 

solvents in MGC 
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3.2. Determination of melting point of gels (Tg) 
 

The graphs of the melting point (Tg) change values of the 

gelator against the weight % (Cg) in the gel of the obtained 

gels are shown in Figures 3 and 4. The Tg values of the gels 

obtained with fatty acid esters were higher than the gels 

obtained with common solvents. Accordingly, the organogels 

with the highest Tg values are the gels made with isopropyl 

myristate and isopropyl palmitate. The organogel with the 

lowest Tg value is the gel obtained with n-dodecane. 

Additionally it was determined that Tg values increased with 

the concentration of the gel. 

 

 
 

Figure 3. Plot of Tg versus the concentration of the organogelator Cg (% w) 

in fatty acid esters 

 

 
 
Figure 4. Plot of Tg versus the concentration of the organogelator Cg (% w) 

in common solvents  

 

3.3. Calculation of enthalpy of gelation (ΔHg) 
 

The graphs of the 1/Tg change values of the obtained gels 

against In Cg are given in Figures 5 and 6. The gelation 

enthalpy value ΔHg derived from the slopes of the drawn lines 

via van't Hoff equation is given in Table II. The high ∆Hg (gel-

sol transition enthalpy) indicates that it gives a stable network 

structure. According to the values shown in Table II, it could 

be seen that the highest ∆Hg value in fatty acid esters is LIE 

with 106.91 kj mol-1, and the lowest is MEE with 59.25 kj mol-

1. Furthermore it could be seen that the highest ∆Hg value is 

n-dodecane with 88.61 kj mol-1 and the lowest is anisole with 

71.92 kj mol-1 among common solvents. 

 
 

Figure 5. van't Hoff plots of organogelator in fatty acid esters 

 

 
 

Figure 6. van't Hoff plots of organogelator in common solvents 

 
TABLE II 

SOL-GEL TRANSITION ENTHALPY ∆Hg (KJ MOL-1) VALUES FOUND 

USING VAN'T HOFF PLOTS OF THE ORGANOGELATOR 

Solvents ∆HG (KJ MOL-1) 

LEE 63.46 

LIE 106.91 
MEE 59.25 

MIE 93.18 

PEE 97.33 
PIE 94.01 

Anisole 71.92 

Xylene 85.44 
Liquid Paraffin 76.88 

n-dodecane 88.61 

  

 

3.4. Characterization of gel structure by SEM 
 

Xerogel was created to display the network structures 

formed by the gels. The solvent was removed by hexane 

extraction from the gel structure prepared in 1 mL LIE of the 

organogelator. While doing this, hexane was added and the 

gels were stirred vigorously, then white precipitate was 

filtered and washed with hexane. It has been waited for 24 

hours under vacuum via freze-dry technique, and xerogel was 

obtained. The image of xerogel structure is shown in Figure 7. 

The network structure required for the formation of gels is 

visible in the photograph. 
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Figure 7. SEM image of gel prepared in LIE of organogelator 

 

4. CONCLUSION AND DISCUSSION  
 

The low molecular weight organogelator that we employed 
in gelation experiments formed gel with all fatty acid esters. 
However it formed gel with some of the common solvents. 
When the investigated organogelator is compared with similar 
structures in the literature, it could be seen that the gelation 
potential is good for fatty acid esters. The minimum gelation 
concentration values of the gels were also found to be quite 
low. This shows that even a very low amount of organogelator 
can form the gels while the solvents are fatty acids. In addition, 
it was determined that the melting temperatures of the gels 
increased as the concentrations of the prepared gels increased. 
When we look at the ∆Hg values found using the van't Hoff 
graphs of the organogelator, it could be seen that the highest 
result belongs to the LIE fatty acid ester. The solvents 
employed in this study are liquids used in the pharmaceutical 
industry such as fatty acid esters and liquid paraffin. Moreover, 
the organogelator structure contains biocompatible material 
such as L-isoleucine amino acid. Prepared organogels with low 
MGC values can be used as potential drug carriers. 
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1. INTRODUCTION 
 
With the development of technology, the factories and facilities 
being established have become more modern. The 
development of technology has led to an increase in production 
capacities in parallel with this situation. The use of raw 
materials and materials has increased in almost all production 
facilities, especially in iron and steel plants, and the need for 
them to be transported more easily, quickly, and reliably has 
arisen. Because of this need, transportation and transportation 
technology have also improved.  

Today, one of the parameters affecting the operating costs 
in industrial facilities is material transportation. Belt conveyors 
are the first transport equipment that comes to mind in facilities 
such as iron and steel plants where raw material transport is of 
great importance. Belt conveyors are transmission mechanisms 
that are used to transport materials of various sizes and sizes to 
desired distances, and they are one of the most preferred 
transportation techniques for the continuous transportation of 
materials. High carrying capacities and the ability to transport 
to desired distances have made it inevitable to prefer belt 
conveyors. Moreover, features such as simple belt conveyor 
designs, light construction, and safe operation were also 
important factors in this choice. With belt conveyors, wet or 
dry materials are transported in general, as well as coarse-
grained materials in whole or in pieces. In short, belt conveyor 
systems are the cheapest, most effective, and most efficient 
systems for transporting bulk materials today [1, 2]. These high-
efficiency belt conveyors have become important equipment 
applied in industries such as power generation, iron, and steel 
production, manufacturing, metallurgy, mining [3]. 

Belt conveyors are frequently used especially in integrated 
iron and steel production facilities. In the industry, belt 
conveyors are mostly preferred for the transportation of bulk 
goods, but they are frequently used especially in integrated iron 
and steel production facilities. Along with the studies on 
conveyor belts in the world, innovative solutions are produced 
regarding the resistance of belts against burning, pressure, and 
tensile. In addition to all these, it is important to determine the 
splicing methods, which will ensure the belt serves for the 
maximum time. Repair of conveyor belts with hot 
vulcanization and mechanical splicing methods continues to be 
researched and developed today as in the past. Splicing points 
on belt conveyors are considered the weakest part of the 
conveyor belt and approximately 93.75% of belt failures occur 
at these points [1-5]. 

Hardygora et al. tried to explain the decrease in strength at 
the splice of conveyor belts with various test methods. They 
stated that systematic testing of conveyor belts and their splices 
is needed to achieve the high standards of safety and 
operational reliability required by belt conveyors. The strength 
of the conveyor belt splices determines the strength of the entire 
belt loop on a conveyor. They stated that the strength loss in a 
properly made splice can vary between 30% and 45% 
depending on the number of layers. The strongest splices are 
made between belts with the same strength characteristics and 
without damaging the ply fabric. Factors causing strength 
reduction at the belt splice are shown as construction defects in 
the splices, surface roughness between the layers, cutting of the 
layers, and improper vulcanization method. As the layer 
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surface roughness damages the structure of the layers, it causes 
a decrease in strength. It has been found that this defect usually 
occurs during the cleaning phase between the belt layers. It has 
been stated that incorrectly applied vulcanization failure is 
usually caused by insufficient or inappropriate vulcanization 
pressure and temperature [6]. 

Chuen-Shii et al. investigated the optimum conditions for 
vulcanizing a conveyor belt with better adhesion strength and 
less wear. They tried to achieve optimum conditions for the on-
site curing of the conveyor belt and specified these conditions 
as a curing time of 25 minutes, a curing pressure of9 kg/cm2, a 
stripping temperature of 30 °C, and an air cooling method. 
They then sought to determine the optimum conditions for on-
site curing of a conveyor belt with less wear and specified these 
as a curing time of 15 minutes, a curing pressure of 9 kg/cm2, 
a stripping temperature of 60 °C, and a water-cooling method. 
Accordingly, it takes a longer time to vulcanize the belt with 
better adhesion strength than vulcanizing the belt with less 
wear with a constant curing pressure. The percent contribution 
of each controllable factor within the current research range 
was also determined by the Taguchi method's analysis of 
variance ANOVA. Interestingly, among the four controllable 
factors, the curing time was found to be the most influential 
factor on both the bond strength of the bonded area (38.61%) 
and the wear of the patched and spliced areas (61.22%) [7]. 

Şahbaz discussed the cold vulcanized splicing method in his 
study. In the first stage of the study, the effects of factors such 
as time, temperature, and pressure in the application of cold 
vulcanized adhesives used in the market were determined and 
experimental working parameters were established. In the 
second stage of the study, experimental studies on the 
production of a new cold curing adhesive were carried out on a 
laboratory scale. During production, the effects of solvents, 
fillers, resins, metal oxides, and accelerators were investigated. 
As a result of the thesis study, A new product has been obtained 
that exhibits better adhesion than industrial products used in the 
market and shortens the application time [8]. 

Çankır applied the method of combining steel cord 
conveyor belts with the vulcanization method and examined 
the results. In this study, he investigated the methods and 
techniques that should be applied to add at least the breaking 
strength values of the belt and compiled the results obtained by 
applying them [9]. 

In his study, Soyubel explained the concept of elastomer 
and rubber by talking about the history of rubber, classified, 
and introduced important rubbers. He gave information about 
the components that make up the elastomer mixture and their 
effect on the properties of the elastomer. He gave information 
about the vulcanization temperature and time, which are the 
vulcanizing parameters of elastomers, and it was shown that 
curing at 140 ºC in 20 minutes is ideal [10]. 

Öztürk gave information about rubber and vulcanization in 
his study. He compared EPDM (Ethylene Propylene Diene 
Monomer) and NR (Natural Rubber) natural rubbers. In 
experiments, it was found that different accelerators not only 
shorten the curing time but also affect many physical 
properties. It has been concluded that changing the amount of 
accelerator affects the physical properties as well as the speed 
[11]. 

Vahapoğlu, on the other hand, mentioned in his study that 
the vulcanization temperature of rubber and rubber is generally 
applied between 140 ℃ and 180 ℃, and quite good results are 
obtained in this temperature range [12]. 
 

2. EXPERIMENTAL STUDIES 
 

2.1. Preparation of Specimens 
 
In the hot vulcanized splicing method, TS EN ISO 283 Textile 
conveyor belts total belt tensile test standard is used. In the 

mechanical splicing method, the TS EN ISO 1120 standard for 
determining the strength of the mechanical connections of the 
conveyor belts is used. The belt was first cut in the form of a 
bow tie using the type B template selected according to the TS 
EN ISO 14890 standard, as it came from the manufacturer, 
without applying any splicing method. The conveyor belt 
combined with vulcanization was also cut to the same standard. 
Belt specimens are cut according to ISO 37 using the bow tie 
apparatus, which is shown in Figure 1 [13]. 

 

 
Figure 1. Image of bow tie specimen apparatus according to ISO 37 Standard 

[13] 

 
The test specimens were kept at room temperature for 24 

hours before being tested and were tested after this waiting 
period [14, 15]. 
2.1.1. Preparation of Hot Vulcanization Specimens 
 
Before starting the belt splicing p, all the impurities and oils on 
the belt are cleaned. For the belt splicing process to be healthy 
and not be affected by adverse weather conditions (rain, wind, 
dust, etc.), the belt splicing process was carried out in a closed 
workshop environment. As a splicing technique, splicing by 
cutting perpendicular to the axis of the belt is not preferred, 
since there is a risk of opening the splice as a result of bending 
during the passage of the belt through the drums [16]. The two 
ends of the splice are connected at an angle to each other in the 
form of a right or left cross by the cross-cutting technique. In 
the studies, as shown in Figure 2, cross-cutting was applied by 
giving an angle of 0.3 x Belt width. This value corresponds to 
approximately 16.7⁰. 
 

 
Figure 2. Belt angle cutting technique 

 
Since the belt used in specimen preparation is a 600mm 

wide 4-layer belt, the number of layers was applied as 3 (Figure 
3.a). In the site application, the belt splice determination is 
made according to the rotation (working) direction of the belt 
(Figure 3.b), the most important point to be considered is the 
prevention of damage that may occur due to the scraper. Since 
this study is experimental, the determination of the splice site 
is not important. 
While Lv is the recommended total length of the splice, the 
required length for the curing length is shown in Figure 3.b. 
 

L =  L𝑣 + L𝑎   (1) 
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Figure 3. Schematic representation of four-layer carcass belt (a) and belt 

splice (b) [8, 17] 

 
According to the fabric strength and the number of layers, 

the layer length value (Ls) and the additional length value (Lv) 
were chosen as 200mm and 600mm, respectively [8]. The 
distance La=0.3xB from the intersection of the reference line 
(LR) to the edge of the belt along the belt edge line was 
measured and marked. A line is drawn from the marked length 
La between the point where the reference point cuts the 
opposite edge. This line is called the coating cut line (LCO). 
The straight edge was used to draw this line and the square 
shape was adjusted and marked with a colored marker. This 
process was done at the end of the other belt in the same way. 
After the marking process, cross cuts were made (Figure 4) 
After the cross-cutting of the belt ends were completed, the 
upper splice rubber cover was peeled off with the belt scraper 
knife. Care should be taken that the blade does not injure the 
textile tissue while cutting the rubber cover of the upper splice. 
The end of the splice is vertical, the head (splice cheek) is cut 
with a 45° inclination. The cutting process was done up to the 
first court fabric. After the upper splice rubber cover was cut, 
the upper coating rubber of the belt was stripped. After the 
layers were opened and stripped on the belt, cleaning was 
carried out with a cleaning solvent to remove unwanted 
elements such as oil and pollution and to make an efficient 
addition. 

All surfaces to be spliced were scraped. The scraping 

process was applied, including the rubber edges on all four 

sides of the joints and the beveled cut edges of the rubber cover. 

Textile tissue should not be damaged during scraping. In 

addition, during the scraping process, the angle grinder should 

not be pressed excessively on the belt, and the process should 

be done intermittently so that the temperature of the region does 

not increase more than 80°C and damage the belt. 

 
Figure 4. Images of belt splice preparation stages 

 
The lower and upper belt ends must be matched by taking 

into account their steps and axis adjustment. It is adhered to by 
mounting 15 to 20 mm wide edge rubber along with the belt 
splice. In the process of overlapping the belt ends, the bonding 
process should be done by pressing, starting from any direction, 
so that there is no gap and air at the splice. By controlling the 
centerline of the belt, the belt ends are fixed. The important 
thing in this process is that the axial adjustment of the belts is 
done well. The top cover closure rubber was cut at the upper 
splice of the belt and the filling and bonding process was 
applied (Figure 5). 
 

 
Figure 5. Images of the bonding process 

 
Figure 6 shows the vulcanizing machine and equipment. 

The vulcanization system in general; traverses, hydraulic 
pistons, vulcanized press tables (heat plates), hydraulic hand 
pump, hydraulic hoses, energy panel, resistances, and 
thermometer components. 
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Figure 6. Vulcanization system equipment 

 
When starting the loading process of the vulcanizing press 

machine, the important points are the heating time, 
temperature, and pressure. Generally, 50 bar pressure is applied 
at 0 ℃ when the system is idle. After this application, when the 
heater reaches 50 ℃ in the energy panel, it is increased to 100 
bar pressure. When it reaches 100 ℃, 150 bar should be 
applied. In an average of 20-25 minutes, the temperature 
reaches 145 ℃, and cooking is continued by applying 150 bar 
pressure from 145 ℃ until the process ends. In this study, since 
the total belt thickness is 14 mm, it was left to bake for about 
24 minutes after being seen from the energy panel at 145 ℃. 
Parallel to this, the pressure is adjusted as 150 bar on the 
hydraulic piston manometer screen. After the vulcanization 
process is finished, the system should be left to cool. The 
vulcanizing press machine is left to cool until the temperature 
drops to 60-80 ℃. After this process, the excess remaining on 
the splice surface and edges were trimmed and cleaned. 

The test specimens were marked as 3 pieces in the 

longitudinal direction of the belt, and a minimum distance of 

50 mm from the edges of the conveyor belt was cut from the 

inside (Figure 7).  

 

 
Figure 7. Bowtie-shaped specimens: Original unspliced (N coded) and 
vulcanized (K coded) belt specimens. 

 

2.1.2. Preparation of Mechanical Splicing Specimens 
 

The hole diameters of the fasteners used are 8 mm and the 

distance between the holes in the fasteners is 55 mm. The 

distance between the hole axes between the two fasteners is 40 

mm, and it is applied by templating. 26 fasteners are used for 

the 1000 mm wide belt, 21 fasteners are used for the 800 mm 

wide belt, and 17 fasteners are used for the 650 mm wide belt 

according to the template. The number of fasteners to be used 

on the belt to be mechanically spliced is shown in Table 1 and 

recommended [19]. 
For the splicing to be made in the facility, firstly, the belt is 

fixed by tightening it with angle profiles from both ends and 
brought to the end with pullers. It is arranged by adjusting both 
ends with miter and gauge. In the mechanical splicing 
application, two different splicing methods are applied, which 
are performed in the form of angled (leveled) and straight 

splicing. One can be made as an angled cut and the other as a 
straight cut at 90⁰ perpendicular to the movement direction of 
the belt. In this study, straight cut, which is mostly used in the 
facility, was preferred perpendicular to the movement direction 
of the belt (90⁰). 
 

Table 1. Quantity of mechanical splicing fasteners [18] 

Belt Width 

[mm] 

Fasteners Qty. 

300 8 

400 10 

500 13 
650 17 

800 

1000 
1200 

1400 

1600 
1800 

2000 

21 

26 
31 

37 

42 
47 

53 

 
To drill the fastener holes of the belt, the template supplied 

from the manufacturer was placed on the belt by using a gauge 
and a meter, and the hole centers were marked with a pencil 
(Figure 8). Likewise, the same procedure was applied to the 
opposite end. The 90⁰ splice template facilitates the repair by 
allowing the holes to be drilled in the right places mutually. 
Since the diameter of the fasteners used is 8 mm, the holes were 
drilled with a 9, mm punch, and the application was made in 
the same way with the other belt end. After the drilling process 
on the belt was completed, the nuts and covers of the fasteners 
were removed and mounted on one side of the holes one by 
one. Rubber is placed between the fasteners to prevent dust 
spills in parallel. To ensure the alignment of the belt from the 
middle to the sides, the assembly of the upper fastener was 
started from the middle of the belt. After all the fasteners were 
mounted in the holes, the nuts were placed. Then tightening 
was done with the help of a nut tightening machine. The nut 
tightening process was carried out until the belt aligned with 
the upper surface of the upper coating rubber. After the 
tightening process was completed, the long bolt ends were 
broken with the help of a pipe and straightened. Finally, the 
protrusions on the bolt were removed with help of an angle 
grinder, to minimize the possible damage that the belt splice 
may cause while passing through the drums, scrapers, and belt 
carrier rollers, and the process was completed. 
 

 
Figure 8. Images of the mechanical splicing application 
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Mechanically spliced conveyor belt specimens were cut in 

3 pieces, parallel to the conveyor belt axis and at a distance of 

at least 50 mm from the belt edge, according to the TS EN ISO 

1120 standard (Figure 9). The test specimens consist of a full-

length longitudinal piece of a conveyor belt. The test specimen 

was taken with mechanical fasteners and the belt specimen was 

taken with a splicing width of at least 100 mm. 

 

 
Figure 9. Image of belt specimens with mechanical splicing 

 

2.2. Tensile Tests 
 

A test piece cut from the full thickness of the conveyor belt is 

elongated under certain conditions using a tensile testing 

machine until rupture occurs. In the test, a test device that can 

apply a continuous and smooth tensile force is used. The testing 

speed of the device should be 100 mm/min [14, 20]. 

Experiments were carried out in the Mechanical Physics and 

Test Laboratory of Kardemir A.Ş, Quality Metallurgy and 

Laboratories Directorate, on a 200-ton SP1200 Zwick brand 

extensometer tensile testing device (Figure 10).  

 

 
Figure 10. Image of the tensile tester 

 
The extensometer tensile tester must have a measuring 

length of at least 100 mm and an accuracy of 0.1 mm or better, 
and be capable of measuring the elongation of the gauge length 
marked on the test pieces. It is also preferable to use a device 
that creates a graphical diagram throughout the test. Holders 
are required to prevent the test piece from slipping during the 
tensile test. It is recommended to use transverse serrated jaws 
as in Figure 11 [20]. To hold the test piece, the jaws to be 
attached to the device must be movable without slipping and 
causing excessive friction. 

 

 
Figure 11. Technical drawing and image of the holding jaws 

 
Conveyor belts spliced in the vulcanization splicing method 

were subjected to a full-thickness tensile strength test 
according to TS EN ISO 283 standard. The TS ISO 283 
standard applied in the experiment explains how to perform the 
full-thickness tensile strength test of textile conveyor belts. A 
test piece cut from the full thickness of the conveyor belt is 
elongated under certain conditions using a tensile testing 
machine until rupture occurs. The force at the break of the test 
specimens gives the maximum value. In the experiment, a test 
device that can apply a continuous and uniform tension was 
used. The tensile strength is obtained by dividing the greatest 
force measured during the tensile test by the width of the test 
piece. It is expressed in N/mm or kg/cm. The test specimens 
are placed symmetrically between the serrated jaws of the 
testing device. Thus, the longitudinal axis of the test specimen, 
the centerline of the jaws, and the line of action of the tensile 
force are adjusted. At the beginning of the test, the distance 
between the inner surfaces of the jaws is applied as 415 ± 10 
mm for type B test pieces. 

Conveyor belts spliced by the mechanical method are 
subjected to a strength test according to the TS EN ISO 1120 
standard and a static test method is provided according to this 
standard to determine the mechanical strength of the conveyor 
belt according to the operating conditions in the facility. The 
mechanical splice connection of a conveyor belt can be fixed 
or movable. Fixed fastener-type mechanical attachments were 
used in this study. The extensometer is tested by applying an 
increasing tensile force to the test device until the mechanical 
splice or piece of belt breaks, and the sample is divided into 
two parts. The ends of the test specimen body are fixed to the 
jaws of the tensile testing machine. The prepared test 
specimens were placed symmetrically between the jaws of the 
tensile test device. In Figures 12 and 13, the tensile test images 
of the unspliced specimen and mechanically attached 
specimens are given, respectively. The distance between the 
inner surfaces of the jaws is set as 415±10 mm for the type B 
template according to the standard. The width and thickness of 
the bow tie sample were measured from the narrowest part with 
the help of a caliper. The bow tie is placed on the device to 
cover the jaws. The tensile device was activated and the test 
specimen was extended steadily and uninterruptedly until it 
ruptured at a rate of 100±10 mm/min. The test was continued 
until the test piece broke, and when the belt specimen broke, 
the tensile device stopped. The maximum force F (tensile force 
N or kg) recorded for each test specimen was read.  

 

 
Figure 12. Tensile test image of the unspliced belt 
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Figure 13. Tensile test images of the belt joined by mechanical splicing 
method 

 

3. EXPERIMENTAL RESULTS AND DISCUSSION 
The maximum force recorded during testing for each test 

specimen is divided by the width of the test piece and its value 

is recorded in N/mm or kg/cm. The tensile strength value in 

N/mm2 is calculated using the belt thickness value. These 

processes were repeated as 3 samples for each, as the normal 

unspliced belt, the vulcanized belt, and the mechanical jointed 

belt, and the arithmetic average of the obtained values was 

taken. The results of the unspliced belt samples are given 

graphically in Figure 14 and as values in Table 2. 

 
Figure 14. Tensile testing graph of unspliced belt specimens 

 

Table 2. Tensile strength test results of unspliced belt samples 

Specimen 
No 

Thickn
ess  

[mm] 

Sectio
n 

[mm] 

Section
al Area 

[mm2] 

Fmax
-

Tensil

e 
Force  

[kg] 

Tensile 
Strengt

h 

[N/mm
2] 

Averag
e 

Tensile 

Strengt
h 

[N/mm
2] 

1 14 25.5 357 1650 46.219  

46.312 

±0.127 
2 14 25.8 361.2 1678 46.456 

3 14 25.4 355.6 1645 46.260 

   

 

It has been observed that the normal belt specimen is above 
the minimum tensile strength of 630 N/mm (45 N/mm2) 
specified in the standard and required to be provided. 

The results of the belt specimens spliced by using the 

vulcanization method are given graphically in Figure 15 and 

values in Table 3, and the tag of the method is given in Table 

4. 

 

 
Figure 15. Tensile testing graphs of vulcanized bonded belt specimens 

 
Table 3. Tensile test results of vulcanized belt specimens 

Specime
n No 

Thickne
ss  

[mm] 

Sectio
n 

[mm] 

Section
al Area 

[mm2] 

Fmax
-

Tensil

e 
Force  

[kg] 

Tensile 
Strengt

h 

[N/mm
2] 

Averag
e 

Tensile 

Strengt
h 

[N/mm
2] 

1 14 25.8 361.2 1205 33.361  

33.268 

±0.082 
2 14 25.6 358.4 1190 33.203 

3 14 26.0 364 1210 33.241 

   

 

 
Table 4. Identification table of the vulcanized splicing method 

Features Value 

Width[mm] 800 

Fabric quantity 4 
Top coating thickness [mm] 6 

Bottom coating thickness 

[mm] 

3 

Total thickness [mm] 14 

Average tensile strength 

[N/mm2] 

33.268 ±0.082 

Strength value compared to 

unspliced belt [%] 

71.8 

  

 
It has been revealed that the conveyor belt. which is spliced 

according to the vulcanized hot splicing method. has lost 28.2% 
of strength compared to the unspliced belt. 
The results of the belt specimens spliced by the mechanical 

splicing method are given graphically in Figure 16 and as 

values in Table 5. and the tag of the method is given in Table 

6. 
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Figure 16. Tensile testing graphs of mechanically spliced belt specimens 

 
Table 5. Tensile test results of mechanically spliced belt specimens 

Specime

n No 

Thickne

ss  

[mm] 

Sectio

n 

[mm] 

Section

al Area 

[mm2] 

Fmax

-

Tensil

e 
Force  

[kg] 

Tensile 

Strengt

h 

[N/mm
2] 

Averag

e 

Tensile 

Strengt
h 

[N/mm
2] 

1 14 106.4 1489.6 3450 23.161  

23.241 

±0.206 
2 14 105.5 1477.0 3410 23.087 

3 14 107.1 1499.4 3520 23.467 

   

 
Table 6. Identification table of the Mechanical splicing method 

Özellik Değerler 

Width[mm] 800 

Fabric quantity 4 

Top coating thickness 
[mm] 

6 

Bottom coating thickness 

[mm] 

3 

Total thickness [mm] 14 

Average tensile strength 

[N/mm2] 

23.241 ±0.206 

Strength value compared to 

unspliced belt [%] 

50.2 

  

 
It has been revealed that the conveyor belt. which is spliced 

by using mechanical fasteners. has a 49.8% strength loss 
compared to the unspliced belt. 

The strength values of unspliced. vulcanized and 
mechanically spliced belts are given in Table 7 as a table and 
in Figure 17 graphically. In Table 8. the advantages of splicing 
applications over each other are given as a table. 
 

Table 7. Belt splicing methods strength and standard deviation values 

Splicing 

Method 

Specimen 

1 

Specimen 

2 

Specimen 

3 

Strength 

Values 

[N/mm2] 

Unspliced 
46.219 46.456 46.260 

46.312 
±0.127 

Vulcanized 
33.361 33.203 33.241 

33.268 

±0.082 
Mechanical 23.161 23.087 23.476 23.241 

±0.206 

 

 

 
Figure 17. Comparison of strength of belt splicing methods 

 
Table 8. Splicing methods comparison chart 

 Mechanical 
Splicing 

Vulcanized 
Splicing 

Strength Low High 

Being affected by 

humidity and humidity 
Yes No 

Loss of Transported 

Material 

(Spill from Joint) 

Yes No 

Potential to Damage 

Other System Equipment 
Yes No 

Application time Short Long 

Applicability Easy Difficult 

Control and Inspection 

Status 
Easy Difficult 

Experience Requirement Less More 

The Need for Special 

and Expensive 

Equipment 

No Yes 

 

4. CONCLUSIONS AND RECOMMENDATIONS 
 

In this study. a belt with a tensile strength of 630 N/mm and a 

4-layer polyester polyamide blend cord fabric. which is used as 

a conveyor belt in industrial facilities. was used. Splices were 

formed on the band in question by using mechanical splicing 

and vulcanization methods. and the strengths of the joints were 

investigated experimentally. The results obtained from this 

study are summarized below. 

• Specimens extracted from conveyor belts with spliced joints 

were subjected to the tensile test. and according to the tensile 

test results. the tensile strength of the unspliced belt was found 

to be 46.312 N/mm² (648.36 N/mm). The fact that this result 

was above the minimum tensile strength value of 45 N/mm2 

(630 N/mm) confirmed the suitability of the result. 

• The tensile strength of the belt spliced by using the 

vulcanization method was found to be 33.268 N/mm² (465.76 

N/mm). According to this value. it was concluded that there 

was a 28.2% decrease in tensile strength compared to an 

unspliced belt. 

• The tensile strength of the mechanically spliced belt was 

found to be 23.24 N/mm² (325.38 N/mm). According to this 

value. it was concluded that there was a 49.8% decrease in 

tensile strength compared to a unsanlicedriods belt. In the light 

of these results. it has been observed that the belts spliced by 

using the vulcanization method are 21.6% more durable than 

the mechanical splicing method. although there is a decrease in 

strength of approximately 28.2%. 
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• In addition to these results. considering the duration of the 

belt splicing applications. it is concluded that the mechanical 

splicing application. which can be performed in the range of 1 

to 2 hours. significantly reduces the downtime of the plant 

compared to the hot vulcanization application. which can be 

performed in the range of 6 to 8 hours. 

 

In addition to the above-mentioned results. the findings that 

emerged as a result of the studies and site observations are 

given below. 

• It has been observed that mechanical fasteners provide a 

splice that is easy to control and inspect. and can be easily 

applied by existing plant maintenance personnel. 

• The low cost of mechanical attachments and the ability to be 

stored for long pe make the mechanical splicing method 

advantageous. 

• The vulcanization method is a more comprehensive and costly 

process and can be performed by professionally trained 

personnel. 

• Belts move through scrapers. relays and drums for continuous 

transmission. The fasteners used in the mechanical joining 

method move by rubbing and hitting the conveyor belt 

elements. As a result. it has been observed that the same 

situation. which can cause damage to mechanical splicing 

elements and conveyor equipment over time. is not 

encountered in the vulcanization method because it does not 

require any mechanical element. 

 
If a general evaluation is made. as a result of the obtained 

strength values and other observations. it has been understood 

that the vulcanization method is more advantageous than the 

mechanical splicing method. 

In the continuation of this study. studies can be carried out 

to determine the effects of the application parameters used in 

the hot vulcanization method. which turned out to be more 

advantageous than the mechanical splicing method. on the strength 

of the spliced belt. and to optimize the parameters. 
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1. INTRODUCTION 
 
With today’s developing technology, it is demanded that 

the materials should possess more than one properties in 
themselves at the same time. It is possible that a material is 
expected to be not only resistant to high wear and corrosion 
but also light and aesthetic at the same time. For this aim, the 
composite materials developed in recent years have come 
forefront. The main material composite materials defined as 
materials fulfilling more than one function at the same time 
using the advantageous properties of two or more materials 
brought together [1-3] is defined as matrix and the materials 
added into this are called additives. Composite materials are 
sorted out as metal matrix composites (MMC), ceramics 
matrix composites (CMC) and polymer matrix composites 
(PMC) [3]. The interest in MMC has increased due to 
properties such as high thermal resistance, hardness, 
resistance to corrosion and wear, ability to resist to tensions 
steadily in high temperatures together with lightness in 
industrial applications. Thanks to these advantages, MMCs 
have been started to be used widely in many sectors such as 
automotive, aviation and defence industry [3-7]. While the 
engineering materials, Al, Mg, Zn, Cu, Ti, Ni, Fe, and Co 
elements and alloys are used as matrix materials in MMC 
materials, ceramics such as SiC, Al2O3 (Alumina), WC, TiC 
and B4C are added to MMC as reinforcement materials [2, 8-
9].  

After steel; Aluminium, one of the materials possessing a 
wide usage in industry, comes into prominence because of the 
properties such as high resistance to corrosion, high electric 
conductivity, low density and recyclability; and owing to 
these advantages, it is highly preferred in MMCs [10,11]. 

In this study, Al 6061 serial materials used as matrix are 
highly preferred materials in especially automotive sector due 
to their properties such as being casted easily, appropriateness 
for serial production, easy machinability and low density 
[12,13]. 

In addition, aluminium based aluminium metal matrix 
composites (AMMC), taking place among MMC material 
types, are materials having the potential to be used in aviation, 
marine, defence and automotive sectors thanks to their 
advantages such as low weight, high flexibility, low 
toughness and excellent resistance in especially low wear and 
low heat working conditions, though they have low wear 
resistance and heat performance [14-16]. 

The resistance of AMMC materials to wear and corrosion 
is reinforced by adding ceramics as reinforcement elements 
such as SiC, Al2O3 and B4C in the matrix [17, 18]. 

Since Al2O3 ceramics, which take place among 
reinforcement elements and relatively have high melting 
point, offer advantageous properties such as high hardness, 
resistance to corrosion and wear besides providing 
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compressive strength; therefore, AMMC composites 
reinforced with Al2O3  are widely used in the sectors 
mentioned above [9, 19, 21]. 

Raghavendra et al. coated the surface of Al 6061 with Ni- 
Al2O3 material by means of electrodepositing method; and 
they investigated the effect of this coat material. At the end of 
the study, they found that the nano-Al2O3 particles in Ni 
matrix gained higher micro hardness and wear resistance [22]. 
In the study they conducted, Cooke et al. coated the surface of 
Al 6061 with Ni- Al2O3 at 600 ℃ by means of temporary 
liquid phase diffusion bond (TLP). They stated that in their 
study results, using TLP diffusion in Al2O3 of Ni coatings 
containing nano-dispersion, they showed successfully the 
binding property of the composite. [23]. As a result of 
literature research, it was established that the studies related to 
Ni- Al2O3 reinforced Al 6061 were mainly based on coating 
of these materials and the performance of the coating 
materials; however, it was found out that there were not 
adequate studies on obtaining Al2O3 reinforced Al 6061 
material through stir casting process.   

In this study, adding the reinforcement materials such as Ni, 

Al2O3 and Ni-Al2O3 into Al6061 aluminum serial material, 

the composites were produced through stir casting method. 

After manufacturing, the effects of Ni-Al2O3 reinforcement 

material on mechanical (hardness and tensile strength) and 

microstructure properties of metal matrix composite were 

studied. 

 

2. MATERIALS and METHOD 
 

Al6061 used as AMMC matrix material in casting process 

was obtained from Sekoç Aluminum Company. The chemical 

composition of Al6061is presented in Table 1. 

 
TABLE I 

C H E M I C A L  C O M P O S I T I O N  O F  A L 6 0 6 1  

Fe Si Cu Mg Mn 

0,7 0,40-0,8 0,15-0,40 0,8-1,2 0,15 

Cr Ti Zn Other Al 

0,04-0,35 0,15 0,25 0,15 Remaining 

 

Reinforcement materials Ni powder (-325 mesh 

dimension) and Al2O3 powder (approximately 1.5 µm) were 

obtained from the importer company Alfa Easer via Elista 

Company. General properties of AMMC reinforcement 

powders are given in Table 2. 

 
TABLE II 

P R O P E R T I E S  O F  T H E  P O W D E R S  U S E D  I N  E X P E R I M E N T S  

Material 

Degree of 

Purity by 

weight (%) 

Powder 

Dimension 

(mesh) 

Melting 

Point 

(oC) 

Specific 

Weight 

(gr/cm3) 

Atomic 

mass 

(gr/mol) 

Nickel 99,5 -325 1453 8.908 58.71 

Al2O3 96.21 1.5 µm 2.072 3,95 101,96 

 

Before melting process, Al6061 matrices material cut in 15 

mm x 15 mm dimensions so that the pieces could go into 

melting pot, then these pieces were cleaned from oil and 

impurities on them by submerging them into alcohol. Before 

casting process, the matrix material, Al6061, weighed in a 

precise balance and put into the melting pot. The powders 

used as reinforcement materials added into the matrix material 

were added in matrix being prepared at a rate of wt. 15% of 

matrix weight (Table 3) 
 

TABLE III 

C A S T I N G  P A R A M E T E R S  
Sample Casting Sample 

N1 Al6061 

N2 Al6061+ (wt. 15%)Al2O3 
N3 Al6061+(wt. 15%)Ni 

N4 Al6061+(wt. 15%)Ni+Al2O3 

 

Ni-Al2O3, the mixture powder, was mixed with the help of 

a mixer at 300 rpm/min for 3 hours to obtain a homogenous 

mixture. After the powders were mixed, Al6061 matrix 

material and reinforcement material were put in a 10 kg 

melting pot, and they were melted in this pot (Figure 1). 

 

  
 

Figure 1. Mixture Preparation Figure for Composite Mixture 
 

In order to melt the matrix material in the melting pot, a 

heat source was formed out of propane. After waiting about 

90 min., the slag layer forming on the melted and liquefied 

matrix material was taken then mixing process was carried 

out; and then the reinforcement materials were added in the 

molten material. After mixing process was completed, the 

casting of melted mixture into the sample space prepared in 

dimensions of 15*25*200 mm in a sand mould with a system 

of sprue at room temperature as presented in the schematic 

picture in Figure 2. 

The molten composite poured down into the sample cavity 

through sprue was let to solidify at room temperature for 15 

min. then the sand moulds were broken and the cast samples 

were taken out of the mould. The excesses formed in the 

samples obtained after the casting process were cleaned and 

the samples were made ready for metallographic and 

mechanical examinations (Figure 3). 

The casted samples were cut sensitively at the sensitive 

sample taking machine in vertical direction in accordance 

with the length of the sample for micro-structure and 

microhardness analyses. The cut samples were exposed to 

surface polishing process by means of SiC sandpaper within 

the mesh clearance ranging from 120 to 1200. After polishing 

process, the surfaces were applied final polishing process and 

for this, broadcloth was utilized, then the samples were 

polished with diamond solution with the dimensions of 1 µm 

and 3 µm. The samples whose polishing process were 

completed were submerged into Keller solution for 

cauterization before microstructure examinations. Tensile 

tests were carried (according to ASTM E8) out at 

SCHMADZU brand with 1 mm/min. constant feed rate and 

Mixer 

Mixer Melding 

Pot 

Mixer 

Melding 

Pot 

Blender 
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250 kN load capacity by preparing the samples whose 

dimensions are given in Figure 4. 

 

 

 

 

 
Figure 2. Shematic Picture and section of Sprue Gate 

 

The microhardness analyses were performed by using 

Future Tech FM700 model digital hardness measurement 

device from seven different areas. After the cauterization 

process, the microstructure analyses of the samples were 

conducted with the help of Nicon optical microscope. In 

determination of phase components of the samples, X 

radiation diffraction (XRD) technique was utilized. The XRD 

analyses were conducted with the help of Rigaku RadB-

DMax II diffractometer using cobalt target (λ=1.79026 A0) 

and considering a 10° scanning speed per minute at 0.02° foot 

dimension and 20°-90° scanning intervals. 

 

 

 
 

Figure 3. Separating the excesses and sprues of produced cast samples 
 

 
Figure 4. Technical drawing of tensile sample 

 

3. DISCUSSION 

 

The macro-photographs belonging to samples produced 

after casting process are given place in Figure 5a-d. The 

samples were produced as mass and tensile samples. Tensile 

samples were produced considering chip processing shares. It 

was observed that the amount of pores and spaces were in 

great number (Figure 5d); after some preventive measures, the 

samples could be produced properly in a nonporous structure 

(Figure 5a-c). To produce the samples in nonporous form, it 

was determined that performing pressured casting of the 

melted mixture in the mould cavity and adjustment of binding 

ratios added into the sand prepared for the mould in 

appropriate portions and improvement of mould design were 

effective. 

In Figure 6, XRD graphic of Al matrix Ni-Al2O3 

reinforced sample is given place. As can be seen in peak 

values in the graphic, it was determined that Al element was 

dense, yet Ni and Al2O3 elements were formed low peaks. 

That Al2O3 and Ni were not dense is considered that the 

reinforcement elements do not provide a proper dispersion in 

the molten liquid during mixture. 

The images of the samples and rupture areas after the 

tensile test are shown in Figure 7 and the physical properties 

of the cast samples are given in Table 4. When the surfaces in 

the rupture regions are examined, it is observed that the 

samples exhibited a brittle fracture mechanism. It is seen that 

this result is compatible with previous studies. Karabulut et al. 

stated that the composite material produced with ceramic 

reinforcement elements used as reinforcement in aluminium 
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matrix composites is harder and more brittle than pure 

aluminium material [24]. At this point, it is possible to explain 

the two reasons why necking region is not formed in the 

middle of the test samples. The first one was the selection of 

the tips of test samples as the melt entry point in the casting 

(Figure 3, 5a-d). This causes different cooling rates to occur 

in different parts of the material. As a result, it is inevitable 

that very small amount of irregularities in the lattice structure 

and grain density will occur. When the fracture regions are 

examined (Figure 7), it is seen that all test samples fracture 

from the same region. This situation supports our opinion. 

The second reason is thought that the irregularities that may 

occur in the material mixture may cause the fracture zone not 

to occur in the middle of the sample. 

 

 

 

 

 
 

Figure 5. Samples produced after casting process 
 

 
Figure 6. XRD analysis results of Al/Ni-Al2O3 sample 

 

When Figure 7 is examined, it is seen that the other test 

samples (samples 1, 2, 3, excluding sample 4) broke off from 

the radius region, whereas in sample no. 4, the rupture region 

was in the region farther from the radius region. The tensile 

graph of the tensile test of the composite samples obtained is 

shown in Figure 9. According to this graph, it was observed 

that the lowest elongation value was in sample 2 and the 

highest elongation was in sample 4. When all the data 

obtained in Figure 7 and Figure 8 are examined, it is 

concluded that Ni-Al2O3 reinforcement material in the cast 

composite material has an effect on increasing the tensile 

strength of the composite material. Similarly, it is understood 

from the graph in Figure 8 that the tensile strength of sample 

3 is better than samples 1 and 2. It is seen in most studies that 

the addition of Ni into aluminium alloys increases the density; 

and this increases the strength and hardness of the material. 

The high-density value of nickel, 8.9 g/cm3, led to an increase 

in the density of aluminium alloys with the increase of nickel 

content [25-29]. 

 

 
Figure 7. Test samples and rupture regions obtained after tensile test 

 
TABLE IV 

P H Y S I C A L  P R O P E R T I E S  O F  T H E  C A S T  S A M P L E S  

Material 
Modulus of 

Elasticity (Gpa) 

Density 

(MJ/m3) 

Al 6061 3,24 1,55 

Al6061 (%15 Al2O3) 2,29 0,78 

Al6061 (%15 Ni) 2,92 2,31 
Al6061(%15 Ni+ Al2O3) 2,70 2,41 

 

 

 
Figure 8. Result graph of tensile test 

 

Microhardness measurements of the samples produced by 

stir casting method with Al6061 matrix and reinforced with 

wt.15% Al2O3, wt.15% Ni and wt.15% Al2O3+Ni by weight, 

respectively, were made. The average hardness values of 

these measurements are shown in Figure 9. 

 

a 

b 

c 

d 
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Figure 9. Microhardness values of samples 

 
As a result of the hardness measurements, the highest 

average hardness value was obtained as 89.6 HV0.5 in the 
sample reinforced with wt.15% Ni-Al2O3. The lowest 
hardness value was obtained as 66.7 HV0.5 from the test 
sample no. 1 (Al) without reinforcement. The microhardness 
values obtained in other samples were measured as 78.6 HV0.5 
in Al2O3 reinforced test sample no. 2 and as 74.3 HV0.5 in Ni 
added test sample no. 3, respectively. 

Sivananthan et al. added Al2O3 at different rates as a 
reinforcement element into Al6061 by stir casting method. In 
their hardness measurements after the tests, they stated that 
they obtained 81 HV hardness values in the 4% by weight 
Al2O3 reinforced sample and an average of 75 HV hardness 
values in the 2% weight samples. In the light of these results, 
both in this study and in previous studies [29], it was observed 
that the microhardness of the Al6061 alloy increased with the 
increase in the amount of Al2O3 particles in the composite 
material. 

It is known that the hard and brittle Al2O3 particles used as 

reinforcements cause dispersion hardening in the matrix. It 

was seen in previous studies that these particles act as the 

second phase in the matrix and contribute to the hardening of 

the composites by resisting the movement of the dislocations. 

[31,32]. In another study, Ni and Al2O3 were added as 

reinforcing elements into the Al matrix, and as a result, higher 

hardness obtained with the increase of nickel amount in the 

samples with 10% Ni-40% Al2O3-50% Al mixture ratios. It 

was stated that the decrease in the amount of Al used as a 

matrix element contributed to the high hardness value [25]. In 

another study, it was observed that the hardness value 

increased as B4C grain reinforcement ratio increased. While 

the highest hardness value was obtained as 68.1 HV0.5 from 

16% reinforced B4C and Al matrix composite, the lowest 

hardness value was obtained as 48.5 HV0.5 from pure Al [33]. 

Kılıç stated that in the B4C reinforced coating study, the 

hardness value of the coating layer was 2-2.5 times higher 

than the substrate [34]. Considering the previous studies, it is 

seen that the hardness of Al matrix composites varies 

depending on the added reinforcement element and its 

amount. In this study, it was determined from the results 

obtained that the results obtained increased due to the increase 

of the reinforcement element in parallel with the literature 

 

4. CONCLUSION 
In this study, Ni-Al2O3 composite material with Al6061 

matrix was produced using the stir casting method. After 

production, the effect of the reinforcing element Ni-Al2O3 
matrix on the hardness and tensile properties was investigated. 
After the analysis and evaluation of the data obtained after the 
evaluation, the following conclusions were reached; 

• It was determined that the highest elongation value at 
which the tensile analyses changed depending on the 
reinforcement element occurred in Ni- Al2O3 reinforced 
sample with Al matrix. 

• However, it was observed that the brittle fracture 
mechanism was effective in all samples. 

• While the highest microhardness value was obtained 
in sample 4 with 89.6 HV0.5 value, the lowest value was 
obtained from pure Al sample with 66.7 HV0.5. 

• In the light of the results obtained, it was determined 
that Ni-Al2O3 reinforcement element increased the Al 
matrices microhardness. 

• As a result of XRD analysis, it was determined that 

Al element is dense, while Ni and Al2O3 elements also occur 

at low peaks. 
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1. INTRODUCTION  
 

The share of pollutants from the transportation sector in 

the total environmental pollution has been increasing. In order 

to decrease tailpipe emissions, very strict emission regulations 

are being come into force and the upper limits are reduced step 

by step towards the ultimate target of near-zero emissions. In 

every new emission standard, meeting the permitted exhaust 

emission limits (especially in diesel engines) becomes more 

challenging for the automotive industry. One of the methods 

that can be considered to reduce exhaust emissions released 

from vehicles (together with the improvements in fuel 

injection systems and strategies, combustion chamber design, 

and exhaust gas after-treatment technologies) is the usage of 

environmentally friendly alternative energy sources in 

internal combustion engines.  

Biodiesel is a renewable, biodegradable, domestically 

producible, and environmentally friendly alternative diesel 

fuel. It can be produced from various feedstocks such as 

vegetable oils, animal fats and their wastes [1]. Diesel engines 

can be powered with neat biodiesel fuel. According to the 

European Union diesel fuel standard (EN-590), diesel fuel can 

contain up to 7% (on volume basis, v/v) biodiesel which meets 

the specifications in the European biodiesel fuel standard (EN-

14214), regardless of its feedstock. Although there are many 

feedstocks that can be used in biodiesel production, the vast 

majority of industrial-scale biodiesel comes from high-quality 

edible vegetable oils. The use of high-quality but 

unacceptably expensive edible oils in the biodiesel industry 

inevitably increases its unit price as well as negatively affects 

the food chain by increasing the prices of those vegetable oils. 

Low-cost feedstocks such as waste frying oils and waste 

animal fats should be preferred in biodiesel production in 

order to make it an economically viable fuel and to prevent the 

rise in edible oil prices [2]. In addition to its positive impact 

on biodiesel fuel’s break-even price, the usage of waste 

feedstocks will prevent the environmental contamination 

caused by their disposal. 

It should be strongly highlighted that various triglycerides 

as the biodiesel feedstock (vegetable oils, animal fats or their 

wastes) will have different fatty acid compositions, leading to 

different physico-chemical properties [3]. Biodiesel fuels 

having different fuel properties inevitably influence the 

engine characteristics. Because of this, the effects of biodiesel 
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fuels of different origin on the diesel engine characteristics 

should be investigated in detail. However, when the studies in 

the literature about the effects of biodiesel fuels on engine 

characteristics are examined, it is seen that these studies are 

generally carried out with vegetable oil-based biodiesels. In 

particular, the number of experimental articles comparing the 

influences of biodiesel fuels of vegetable oil and animal fat 

origin under the same engine operating conditions is quite 

limited.  

Barrios et al. [4] produced biodiesel fuels from soybean oil 

and animal fat. Animal fat feedstock was a blend of pork, 

poultry and beef fat. They prepared six different biodiesel-

diesel fuel blends (10-20-25-30-40-50 %, v/v). Biodiesel fuels 

were not used in the engine tests as neat fuel. The authors have 

detected higher brake specific fuel consumption (BSFC) 

values and brake thermal efficiencies (BTE) with all biodiesel 

fuels compared to petro-diesel fuel (PDF). All biodiesel 

blends decreased particulate matter (PM) emission but caused 

to higher oxides of nitrogen (NOx) emissions than diesel fuel. 

Although there were no significant differences between NOx 

emissions of biodiesel fuels of different origin, PM emissions 

of animal-fat based biodiesel blends were less than those of 

vegetable oil-based biodiesel blends. Animal fat-based 

biodiesel fuel blends had better engine characteristics than 

soybean oil-based biodiesel blends especially at 40% and 50% 

biodiesel-diesel fuel concentrations. In order to minimize 

harmful emissions, BSFC and maximize BTE, the authors 

have concluded that 30% animal fat based biodiesel-diesel 

fuel was the ideal blend ratio. 

Ahmed et al. [5] investigated the effects of beef tallow-

based biodiesel fuel and its blends with PDF in the ratios of 

20-40-60% (v/v). Engine tests were conducted in a single 

cylinder, four-stroke, water-cooled diesel engine. BSFC 

values of all test fuels decreased with increasing engine load. 

Biodiesel fuels’ BSFC values were higher than that of PDF at 

all loads and this difference increased as biodiesel percentage 

of the blend increased. BTE of all test fuels increased as the 

engine load was increased. Biodiesel fuels had relatively 

higher BTE at all operating conditions. The authors detected 

that biodiesel fuel and its blends started to burn earlier than 

PDF. Although the max in-cylinder pressures were very close 

to each other, the crank angles at which the max in-cylinder 

pressures were attained advanced with biodiesel fuels. 

Biodiesel fuel and its blends reduced carbon monoxide (CO), 

total hydrocarbon (THC) and smoke emissions but increased 

NOx emissions. In order to decrease NOx emissions of 

biodiesel fuels, the authors used exhaust gas recirculation 

(EGR) in the ratios of 10-20-30%. At the EGR ratio of 10%, 

lower bsfc, higher BTE, lower CO and THC emissions were 

observed. In addition, the decrease in NOx and smoke 

emission was 16.5% and 17.5%, respectively. The authors 

reported that animal fat origin biodiesel-diesel fuel blend ratio 

of 20% could be used in a diesel engine with 10% EGR 

application without causing higher NOx emissions and bsfc 

values. 

Sathiyagnanam et al. [6] produced biodiesel fuel from 

waste pork lard. They blended biodiesel fuel with PDF in the 

ratios of 25-50-75% (v/v). Engine test were carried out in a 

one-cylinder, four-stroke, water-cooled, DI diesel engine. 

Throughout the engine tests, engine speed was not changed 

(1500 rpm) while engine load was increased from 0% to full 

load with the steps of 25%. Biodiesel fuel and its blends had 

higher bsfc and lower BTE values than diesel fuel at all engine 

loads tested. The combustion started comparatively earlier for 

biodiesel fuels than diesel fuel. Peak in-cylinder pressure 

values declined with increasing biodiesel content in the blend. 

The relatively shorter ignition delay periods for biodiesel fuel 

and its blends were reported. Because of the longer ignition 

delay and better volatility, the premixed combustion phase of 

PDF was more intense than biodiesel and its blends. Biodiesel 

fuels significantly decreased CO, HC and smoke emissions. 

Nevertheless, their NOx emissions were higher. To reduce 

NOx emissions and to determine the optimum ratio, the 

various percentages of urea were injected to the engine 

exhaust. The authors expressed that 30% urea and 70% water 

gave the max NOx reduction without deteriorating CO 

emissions. 

In this experimental study, in order to partially fill the gap 

in the literature about the impacts of biodiesel fuels of 

different origin on the engine characteristics, the influences of 

biodiesel fuels obtained from two different waste animal fats 

and two different vegetable oils on the performance, injection, 

combustion and emission characteristics of a TDI diesel 

engine were investigated and compared with petroleum-based 

diesel as reference fuel. 

 

2. MATERIALS AND METHODS 
 

Corn oil biodiesel (COB) and safflower-rapeseed oil 

biodiesel (SRB) fuels as the vegetable oil-based biodiesels, 

waste fleshing oil biodiesel (WFB) and waste chicken fat 

biodiesel (WCB) fuels as the animal fat-based biodiesels were 

used in the engine tests. Waste fleshing oil was obtained from 

the solid waste processing plant in Istanbul Leather Organized 

Industrial Zone while waste chicken fat was obtained from the 

rendering facility at Beypilic Bolu Factory. Corn oil and PDF 

were purchased from local store and gas station. Biodiesel 

productions from corn oil, waste chicken fat and waste 

fleshing oil were performed in the pilot-scale biodiesel plant 

at Kocaeli University. SRB fuel was obtained from DB 

Agricultural Energy Co. Inc. in Izmir. Physico-chemical fuel 

properties of test fuels were given in Table 1.  

Engine tests were carried out in a four-stroke, six 

cylinders, direct-injection, turbocharged diesel engine. 

Technical specifications of the test engine were shown in 

Table 2. A schematically view of the test system was depicted 

in Fig. 1. The engine was tested at the condition of 1400 rpm 

and 600 Nm engine load. No modifications were made to the 

engine prior to the engine tests. The test engine was equipped 

with an in-line type fuel injection pump. In-cylinder pressure 

was measured via Kistler (6061B) pressure sensor while 

Kistler (6005) sensor was used for fuel-line pressure. AVL 

SESAM FITR exhaust emission analyzer measured the 

exhaust emissions. Specifications of the exhaust emission 

device were given in Table 3. 
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TABLE I 
TEST FUELS’ PHYSICO-CHEMICAL FUEL PROPERTIES 

Property Unit PDF SRB COB WCB WFB 

Density 

(15 ºC) 
kg.m-3 829 883.6 886.0 889.7 876.7 

Viscosity 

(40 ºC) 
mm2.s-1 2.96 4.3 4.6 5.3 4.7 

Flash Point ºC 63 186 169 169 168 

Water Content ppm 20 240 440 440 410 

Acid Value mgKOH.g-1 - 0.28 0.21 0.43 0.28 

Monoglyceride % (w/w) - 0.49 0.06 0.02 0.06 

Diglyceride % (w/w) - 0.15 0.17 0.05 0.02 

Triglyceride % (w/w) - 0.01 0.06 0.06 0.20 

Free Glycerol % (w/w) - 0.001 0.01 0.008 0.01 

Total Glycerol % (w/w) - 0.15 0.06 0.03 0.05 

Copper Strip 

Corrosion 

(3 h, 50 ºC) 

Degree of 
corrosivity 

No 1 No 1 No 1 No 1 No 1 

Heating Value MJ.kg-1 45.96 40.05 39.88 39.69 39.89 

Cetane Number - 56.8 53.0 54.2 52.3 58.8 

Methanol Content % (w/w) - 0.00 0.03 0.05 0.01 

CFPP ºC -15 -9 -5 3 10 

 
TABLE II 

TECHNICAL SPECIFICATIONS OF THE TEST ENGINE 

Engine 6 liter, Ford Cargo 

Type 
Direct Injection, turbocharged-intercooled, four-stroke, water 

cooled 

Number of cylinder 6 

Bore - stroke 104.00 – 114.9 

Compression ratio 16.4:1 

Injection pump In-line type 

Injector opening pressure 197 bar 

Maximum power 136 kW (2400 rpm) 

Maximum brake torque 650 Nm (1400 rpm) 

 

 
Figure 1. The experimental setup. 

 
TABLE III 

SPECIFICATIONS OF EXHAUST EMISSION DEVICE 

Parameter Unit Measuring Range Accuracy 

HC ppm 0-20,000 
Better than 2% ± of measured 

value 

CO ppm 
0-8,000 (low) 

8,000-100,000 (high) 

Better than 2% ± of measured 

value 

NOx ppm 0-10,000 
Better than 2% ± of measured 

value 
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3. RESULTS AND DISCUSSION 
 

3.1. Brake Specific Fuel Consumption  
Brake specific fuel consumption (BSFC) is one of the 

most critical parameters used for comparing the effects of 

different fuels on engine performance. Fig. 2 shows the 

BSFC values of the test fuels. As can be understood from the 

figure, all biodiesel fuels led to increment in BSFC values. 

Comparative to BSFC value of PDF, the rise in BSFC values 

was 11.8%, 13.7%, 11.8% and 10.8% for WFB, WCB, COB 

and SRB, respectively. The high BSFC values of biodiesel 

fuels can be explained with their comparatively low calorific 

values than that of PDF. As given in Table 1, the calorific 

values of biodiesel fuels used in engine tests were about 13% 

lower than that of PDF. Buyukkaya [7] found similar results 

in their studies. 

Among the biodiesel fuels, WCB had the highest BSFC 

value. The relatively high viscosity and density values of 

WCB may have negatively affected the atomization quality 

and inevitably the combustion efficiency, resulting in higher 

BSFC value. SRB had lower BSFC value than the other 

biodiesel fuels. This may be resulted from its low viscosity 

and high calorific value. WFB and COB fuels had were very 

close BSFC values. It is quite remarkable that viscosity and 

calorific values of these biodiesel fuels were also almost the 

same (Table 1). 
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Figure 2. Brake specific fuel consumption of test fuels. 

 

3.2. Fuel Injection and Combustion Characteristics  
Injection characteristics such as start and end of injection, 

injection duration and injection pressure directly affect the 

combustion phenomenon and inevitably exhaust emission 

profile of the engine [8]. Therefore, it is very important to 

analyze the injection characteristics of different fuels. Test 

engine is equipped with mechanically controlled in-line type 

fuel injection system. Before presenting and interpreting the 

data on the fuel injection characteristics of test fuels, it will 

be helpful to remember some critical issues on this type of 

fuel injection system. In mechanic fuel injection systems, 

fuel injection is performed with the fuel pressure. Namely, 

high-pressure transfer pump compress the fuel and this rise 

in pressure progresses in fuel line and reaches injector. When 

the injector pressure exceeds the spring pressure that presses 

the injector needle down, the injector needle lifts and fuel 

injection begins. In-line type fuel injection system controls 

the end of injection process. In order to increase the fuel 

quantity to the engine, it regulates the injector closing timing. 

In other words, if it is necessary to inject more fuel, the end 

of injection is delayed [9].  
Since the injector needle-lifting sensor was not used in 

this study, the injector opening pressure (197 bar) was 

accepted as the start of injection. Fuel line pressure values 

obtained with test fuels were given in Fig. 3. As can be seen 

in the figure, start of injection advanced with all biodiesel 

fuels compared to PDF. SRB and WCB fuels had almost the 

same start of injection timing while WFB and COB fuels 

were in the second and the third order, respectively. The 

earlier start of injection with biodiesel fuels relative to PDF 

can be explained with their compressibility. If a fuel is less 

compressible, fuel line pressure will increase faster and thus 

injection will start sooner [10]. Because of this, the fuel type 

that is used in a diesel engine with mechanical fuel injection 

system directly influences the start of injection and the other 

injection characteristics. Two critical properties affecting the 

injection timing are the propagation speed of the pressure 

waves in fuel line (speed of sound) and the capacity of the 

fuel to dampen this pressure (bulk modulus) [11]. Related 

studies have revealed that when biodiesel fuels are used, in 

comparison to PDF, pressure waves proceed faster and the 

fuel dampens the pressure less [12]. As a combined result of 

these two factors, fuel line pressure increases faster with 

biodiesel fuel and so the start of injection advances. 

The end of fuel injection retarded for all biodiesel fuels. 

Since more fuel needs to be injected into the engine in case 

of biodiesel usage (see Fig.2), the in-line type fuel injection 

pump retarded the injector closing by regulating the end of 

injection, as mentioned above. With all biodiesels (regardless 

of the feedstock), the injection duration was prolonged 

because of the advanced start and the delayed end of fuel 

injection. Another important point is the injection pressures 

of all biodiesel fuels, which were higher than those of PDF. 
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 Figure 3. Fuel line pressures of test fuels. 

   

In-cylinder pressure and heat release rate (HRR) values 

and their alterations with crank angle give critical 

information about the start, the propagation, and the end of 

combustion phenomenon. These data have critical 

importance in order to compare the combustion 

characteristics of alternative fuels with different physico-

chemical fuel properties. In-cylinder pressures and HRRs of 
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test fuels were depicted in Fig. 4. As seen, slightly higher in-

cylinder pressures were attained with biodiesel fuels both 

vegetable oil and animal fat origin compared to PDF. Two 

main reasons for the higher in-cylinder pressures are 

biodiesels’ the earlier start of injection timings and their 

oxygen contents. The extra oxygen in the combustion media 

coming from the biodiesel chemical structure increases the 

flame speed, resulting in higher in-cylinder pressures [13].  
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Figure 4. Cylinder gas pressure and heat release rates of test fuels 

 

As given in Fig. 5, the maximum in-cylinder gas pressure 

(Pmax) values of vegetable oil and animal fat-based biodiesel 

fuels were close to each other. Among the test fuels, the 

highest in-cylinder pressure of 10.27 MPa was attained with 

SRB fuel. The maximum gas pressures obtained with WCB 

and COB were almost the same. Similar results can be found 

in the literature [14]. When the HRR graphs were viewed it 

is seen that start of combustion timings of all biodiesel fuels 

were earlier compared with PDF and also relatively higher 

HRR values were attained with biodiesels. 
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Figure 5. Pmax values of test fuels 

 

Test fuels’ some critical fuel injection and combustion 

data that were obtained by analyzing the fuel-line pressures 

and HRR graphs can be seen in Table 4. When the results are 

examined, it is seen that the start of fuel injection timing of 

the test fuels was different from each other. The difference in 

the fuel properties of the test fuels caused the different fuel 

injection characteristics. The start of fuel injection of PDF 

retarded as compared to biodiesel fuels and the biggest 

difference of 2 crank angle (ºCA) was detected with SRB 

fuel. In the experimental study that was performed at full 

load, Monyem et al. [15] reported approximately 2 ºCA 

advanced start of fuel injection with biodiesel fuels relative 

to PDF. As can be understood from the Table, all biodiesel 

fuels started to burn at earlier crank angles than PDF. Cetane 

number is a critical indicator of self-ignitability of a fuel. 

According to the European diesel fuel standard (EN-590), the 

minimum cetane number has to be 51. Nevertheless, cetane 

number of LSD and ULSD fuel (euro-diesel) is higher than 

55. Cetane number of PDF used in engine tests was 56.8. 

Except for WFB, PDF’s cetane number was higher than those 

of biodiesel fuels (see Table 1). The comparatively higher 

saturated fatty acid content of WFO than the other biodiesels 

is the most important parameter increasing cetane number of 

this biodiesel fuels. The highest cold filter plugging point 

value (10 ºC) of WFB among the test fuels is another 

indicator of its high saturation level. Although cetane number 

of WFB was higher, its start of combustion was relatively 

later than SRB fuel. Despite SRB’s less cetane number, it’s 

the earlier start of injection and better volatility resulted in 

the earlier start of combustion.  
Ignition delay (ID) can be defined as the time interval 

between the start of injection and the start of combustion 

[16]. The maximum difference among ID periods of the test 

fuels was measured between PDF and WCB. Although the 

start of combustion of WCB was earlier, its start of injection 

was about 2 ºCA earlier than PDF, leading to a longer ID 

period. The minimum ID value was detected for WFB, which 

had the maximum cetane number. 

 
TABLE IV 

FUEL INJECTION and COMBUSTION RESULTS 

Parameter 

(ºCA) 
PDF SRB COB WCB WFB 

Start of 
Combustion 

(b TDC) 

7.75 9.75 8.00 8.50 9.25 

Start of 

Injection 
(b TDC) 

11.25 13.25 11.50 13.00 12.25 

Ignition Delay 3.50 3.50 3.50 4.50 3.00 

  

3.3. Exhaust Emission Characteristics 
Carbon monoxide (CO) is a colorless, odorless and 

highly toxic gas. When there is not enough oxygen in the 

combustion reaction in order to convert the carbon atoms into 

carbon dioxide, CO emission forms [17]. The most important 

parameter influencing CO emission is the fuel/air 

equivalence ratio. The importance of the other parameters 

that should be considered in terms of CO emission such as 

injection advance, the shape of the combustion chamber, etc. 

is less than that of the fuel/air equivalence ratio. Especially 

fuel-rich mixtures cause to increment in CO emission [18]. 

CO emission profiles of test fuels were given in Fig. 6. As 

can be seen, CO emission of PDF was higher than those of 

biodiesel fuels. The most critical parameter on the less CO 

emissions of biodiesel fuels is their oxygen contents. 

Biodiesel fuels have about 10% oxygen in their chemical 

structures. This extra oxygen coming from the fuel in the 

combustion media improves the combustion reaction, 

resulting in less CO emission. In addition, the advanced start 

of fuel injection timing and the higher fuel injection pressure 

that are attained with biodiesel fuels (see Fig. 3) are also 
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effective on their better CO emissions. Canakci and Gerpen 

[19] reported similar results with biodiesel fuels. When 

biodiesels are compared to each other, it is seen that CO 

emissions of vegetable oil-based biodiesel fuels were 

significantly less than those of animal fat-based biodiesels. 

WFB and WCB fuels’ relatively higher viscosity and density 

values worsening the atomization quality may be influential 

on their high CO emissions.  
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Figure 6. CO emission values of test fuels 
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Figure 7. THC emission values of test fuels 

 

Hydrocarbon emissions (HC) are the result of incomplete 

combustion and indicate unburned or partially burned fuel in 

the exhaust emission. Although HC emissions are 

incomplete combustion products like CO emissions, the 

parameters such as the chemical structure of the fuel, 

combustion chamber geometry (length of flame paths) and 

engine operating conditions are more critical for this 

emission type compared to air excess ratio. HC emissions 

from engines are generally divided into two different groups: 

Total Hydrocarbon (THC) emissions and non-methane 

Hydrocarbon emissions (NMHC) [20]. THC emissions of all 

test fuels were depicted in Fig. 7. THC emissions of biodiesel 

fuels were significantly lower than that of PDF. Despite 

biodiesel fuels’ higher kinematic viscosity and density values 

deteriorating the fuel atomization quality and causing higher 

and heavier fuel droplets, their relatively lower THC 

emissions might be explained by the earlier fuel injection 

timing and the higher fuel injection pressures. In addition, 

biodiesel fuels’ molecular oxygen content can also be 

considered for their lower THC emissions. Biodiesel fuels’ 

THC emissions were close to each other. Among the 

biodiesel fuels, COB and SRB had the highest and the lowest 

THC emissions, respectively. Sanli [21] also detected lower 

THC emissions with biodiesel fuels compared to PDF.  
Nitrogen Oxide (NOx) emissions can be considered as the 

most critical one among diesel engine exhaust emissions. 

NOx emissions occur with the reaction of oxygen and 

nitrogen at high temperatures (approximately 1800 K and 

higher degrees). A large part of NOx emissions is composed 

of NO emissions, a small part is NO2 emissions, and the 

remaining trace amount is other oxygen-nitrogen 

combinations. In-cylinder temperatures and pressures, 

air/fuel ratio, fuel’s cetane number, combustion duration, the 

oxygen concentration in combustion media, fuel injection 

timing, and fuel injection pressure are the critical parameters 

in terms of NOx emissions [22]. As can be seen in Fig. 8, all 

biodiesel fuels (regardless of its feedstock) caused higher 

NOx emissions. As compared to PDF, the increase in NOx 

emission was 4.7%, 7.7%, 9.9% and 11.2% for WFB, WCB, 

SRB and COB, respectively. The higher NOx emissions of 

biodiesel fuels may be caused by their higher fuel injection 

pressures, the advanced start of fuel injection (see Fig.3), the 

higher in-cylinder pressures and heat release rates (see Fig. 

4). In addition, the molecular oxygen contents of biodiesel 

fuels could also be effective on this result. Chen et al. [23] 

reported higher NOx emissions with biodiesel fuels. Another 

issue that should be underlined in terms of NOx emissions is 

that the NOx emissions of animal fat-based biodiesels were 

lower than those of vegetable oil-based biodiesels. Both of 

WFB and WCB had better NOx emissions than SRB and 

COB (on average 4% lower). Relatively higher in-cylinder 

pressure and HRR values of COB and SRB could be reasons 

for the higher NOx emissions of these biodiesel fuels (see 

Fig. 4). Moreover, the higher cetane number of animal-fat 

based biodiesels could also be effective on their better NOx 

emissions results. Wyatt et al. [24] also detected lower NOx 

emissions with animal-fat based biodiesel fuels than 

vegetable oil-based biodiesels.  
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Figure 8. NOx emission values of test fuels 
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4. CONCLUSIONS 
 

The use of alternative fuels in diesel vehicles is a critical 

issue in order to reduce harmful emissions released from 

these vehicles. Biodiesel is one of the important, 

environmentally friendly and sustainable alternative fuels. 

Although biodiesel can be produced from many different 

feedstocks, a very portion of industrial biodiesel production 

is obtained from vegetable oils. If biodiesel fuel is produced 

from different feedstocks, the unit price of biodiesel will be 

affected as well as the engine characteristics will be affected 

since the fuel properties will change. In this study, it was 

aimed to compare the effects of vegetable oil-based 

biodiesels and animal fat-based biodiesels on the 

performance, combustion, injection and exhaust emission 

characteristics of a TDI diesel engine. Petroleum-based 

diesel fuel was used as the reference fuel. Engine tests were 

conducted at the engine operating conditions of 1400 rpm 

and 600 Nm. BSFC values of all biodiesel fuels were higher 

than that of PDF. Animal fat-based and vegetable oil-based 

biodiesels had close BSFC values. Relatively higher in-

cylinder pressures were attained with biodiesel fuels. 

Although there was no significant difference between them, 

the highest in-cylinder pressure was measured with SRB 

biodiesel. Fuel injection pressure was lower with PDF 

compared to all biodiesel fuels. Compared to PDF, the 

advanced start of fuel injection and the start of combustion 

timings were detected with all biodiesel fuels. When the 

biodiesels were compared each other, it was seen that the 

start of fuel injection timing of SRB and WCB fuels were 

almost the same and they was injected approximately 2 ºCA 

earlier than PDF. Regardless of the feedstock from which it 

is produced, CO and THC emissions of all biodiesel fuels 

were lower than PDF, but NOx emissions were higher. The 

most significant difference between vegetable oil-based and 

animal fat- based biodiesels was seen in CO and NOx 

emissions. SRB and COB fuels had lower CO emissions  
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1. INTRODUCTION 
 

The industry accounts for almost half of the energy 

consumption worldwide, and energy consumption is increasing 

day by day [1]. In addition, rapid growth in the manufacturing 

sector, global warming and local wastes pose many economic 

and social problems [2]. Therefore, besides product quality, 

energy efficiency has become important criteria in the 

manufacturing industry. Because machine tools in the 

manufacturing industry have less than 30% efficiency [3]. The 

environmental impacts that affect the efficiency of these 

machines are more than 99% [1]. Machine tools need power 

during stock removal, from production to machining, to sustain 

cutting tool and slide systems after machining. In the 

manufacturing industry, it usually includes machining 

operations such as milling, turning, drilling and grinding [4]. 

Milling is widely used to bring materials into desired shapes 

and sizes. It is necessary to reduce power consumption in metal 

removal processes in order for the processes to be sustainable 

[5]. Thus, environmental impacts due to energy consumption 

are reduced and product efficiency can be increased. Armor 

and structural steels are materials that are difficult to process 

due to their high ductility and strength. It is significant to 

determine the machinability parameters and to minimum the 

power consumption in machining operations. By improving the 

machining parameters such as an axial depth, lateral depth feed 

rate per tooth and cutting speed reducing the power 

consumption by reducing the cutting force can be directly 

regulated [4,6]. Most of the previous studies on milling seem 

to be on process outputs such as machining parameters such as 

surface roughness, tool wear and cutting force [7-10]. 

Recently, researchers have been carrying out studies on the 

power consumption of cutting parameters during machining 

[4,11,5,1]. The studies have been carried out with both physical 

and finite element methods and it has been stated that they are 

compatible with each other [12-15]. In his study, Bhushan used 

Response Surface Methodology analysis to define optimal 

machinability parameters when machining AA7075 SIC using 

tungsten carbide cutting tool to acquire max. tool life and min. 

power consumption. In his study, he stated that cutting speed is 

the most important parameter for tool life and consumption for 

power, followed by feed rate, nose radius and cutting depth 

[16]. Camposeco-Negrete (2013) tried to achieve optimization 

of machining parameters for energy consumption and surface 

roughness in the course of machining of AISI 6061T6 under 

roughing conditions using the Taguchi method. As a result of 

the research, he stated that the most important factor is the feed 

rate with an impact rate of 87.79% in order to minimum energy 

consumption [5]. Yan and Li (2013) submitted an optimization 

method based on RSM to optimize machinability parameters in 
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the milling process in the course of carbide tool dry machining 

of medium carbon steel to acquire min cutting energy and 

surface roughness. As a result of their studies, they reported 

that the most effective parameter is the lateral cutting depth 

[17]. Campatelli et al (2014) used the response surface 

methodology to analyze the effect of machining parameters on 

energy consumption in the course of milling of carbon steel. 

They reported that the ideal radial cutting depth and feed rate 

should be 1 mm and 0.12 mm/tooth, respectively, for the 

purpose of minimize the energy consumed for cutting 

efficiency [18]. El-Tamimi and El-Hossainy (2008), 

investigated the efficiency of machining parameters by turning 

AISI 420 steels. Mutual effect graphs were created to 

determine the most effective parameters. They stated that the 

most significant parameter on the major cutting force is the feed 

rate, and the more significant parameter on the consumption of 

power is the cutting speed [19]. Valiorgue et al. (2012) 

evaluated the estimation of residual stress variation in hard 

machining of AISI 304-L stainless steel. They created a mixed 

technique combining numerical and experiments work. They 

stated that the numerical model appeared to provide 

trustworthy results in proportion to the empirical results for a 

wide range of feed rates and cutting speeds [20]. Galanis et al. 

(2014) studied finite element (FE) modeling to predict cutting 

forces when machining AISI 316-L stainless steel. The 

empirical cutting force worths were compared with the numeral 

results and they concluded that they can be estimated with good 

correctness when machining with FE modeling [21]. Li et al. 

investigated the processing-induced surface plastic 

deformation and microstructural texture development of Ti-

6Al-4V alloy by FEM simulation [22]. Budak and Ozlu stated 

that the developed FEM model can be used in industrial 

applications by applying the Johnson-Cook material model 

together with the slip and adhesion models in order to use the 

thermomechanical dual zone model in cutting processes [23].  

As a result of the literature research, it has been determined 

that there is no study on the energy consumption of the S960QL 

material. In this study, the effects of machinability parameters 

on power consumption in the course of machining of S960QL 

structural steel material were analyzed using finite element 

modeling.  

 

2. MATERIAL AND METHOD 
 

In this research study carried out with the FE method, the 

effects of cutting parameters on power consumption were 

examined in finite element up milling of S960QL structural and 

armor steel material with TiAlN coated carbide cutting tools. 

The study was carried out with three-dimensional milling 

process. Three different cutting speeds, three different lateral 

depths, three different axial depths and three different feed per 

tooth were selected as machining parameters. These parameters 

have been established by considering the studies made for 

structural steels and the values recommended by 

KENNAMETAL. Cutting parameters are given in Table 1. 

 
TABLE 1 

CUTTING PARAMETERS. 

Radial Deep 

of Cut 

Axial Deep of 

Cut 

 Cutting 

Speed 
Feed Rate 

0.8-1.2-1.6 
mm 

4-6-8 mm 180-200-220 
m/min 

0.08-0.12-0.16 
mm/tooth 

 

2.1. Workpiece Material 
The mechanical properties and percent chemical compositions 

of the S960QL material used in the study are given in Table 2. 

TABLE 2 

MECHANICAL PROPERTIES AND CHEMICAL COMPOSITION [24].  

Chemical Composition (%) 

C Mn Si S P 

0.20 1.60 0.50 0.010 0.020 

Cr Cu Ni Mo B 

0.80 0.3 2.0 0.70 0.005 

Mechanical Properties 

Minimum yield strength Rp0.2 (MPa) 960 

Minimum tensile strength Rm (MPa) 980-1150 

Elongation A5(min %) 12 

 

 

The Johnson Cook (JC) material model which is required 

and widely used for simulations of machining processes, is 

given in Equation 1 [25]. 

 

σ0=(A+B(εp)
n
(1+Cln (

ε̇p

ε̇0
) )(1-(

𝑇−𝑇𝑟

𝑇𝑚−𝑇𝑟
)
m

)  (1) 

 

Parameters in Equation 1; 

A: yield stress at temperature of room 

B: strain hardening 

C: constant of the strain rate 

n: exponent of deformation hardening 

m: exponent of sensitivity of deformation rate 

 

Other parameters in the equation are 𝜀𝑝, 𝜀 ̇𝑝, 𝜀 ̇0, Tm, Tr and 

T, respectively, equivalent plastic strain, rate of plastic strain, 

rate of reference strain, melting temperature of the material, 

temperature of room and reference temperature. The specified 

𝜀 ̇0 and 𝐶 are values generally measured at and/or beneath the 

reference temperature. JC model parameters of S960QL 

structural steel are given in Table 3. 

 
TABLE 3 

JC MODEL PARAMETERS FOR S960QL [26]. 

A (MPa) 1034 

B (MPa) 828 

n 0.6539 

c 0.015045 

m (400 °C) 1.028 

m (550 °C) 1.277 

m (average) 1.154 

 

The Finite Element Modeling design used is given in Table 

4. 

 

2.2. Cutting Tool 
 Kennametal EDCT 10T308PDERLD grade KC725M and 

TiAlN coated inserts were used as cutting tools in 3D milling 

simulations. The cutting tool has a corner radius of 0.8, a 

thickness of 3.75 mm, a cutting-edge length of 12.05 mm and 
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an approach angle of 150. In order for the cutting tool to be used 

in the finite element program, its three-dimensional scan was 

made and modeled in the CATIA program, and its positioning 

on the material is given in Figure 1.   

 

 
 

Figure 1. 3D model of Finite element. 

 
TABLE 4 

MACHINING PARAMETERS LEVELS. 
Radial Deep of 

Cut 

Axial Deep of 

Cut 

Cutting speed Feed Rate 

1 1 1 1 

1 2 2 2 

1 3 3 3 

2 1 2 3 

2 2 3 1 

2 3 1 2 

3 1 3 2 

3 2 1 3 

3 3 2 1 

 

 
 

Figure 2. Cutting scheme and mesh structure for simulations. 

 

 
 

Figure 3. The stresses occurring at the tooltip. 

 

2.3. Finite Element Simulations 
The effects of processing parameters on power consumption 

were investigated with finite element modeling. The finite 
element program for machinability experiments uses an 

discretionary Lagrangian solver and has adaptable remeshing 
functionality to acquire more precise results though it takes 
more time. The length, width and height of the workpiece 
model used in the first stage of the simulations are 50, 50 and 
10 mm respectively, and all simulations were carried out with 
these dimensions. The second step is to define the geometry of 
tool and tool material parameters. In the last step, after the 
meshing parameters and friction coefficient are set, necessary 
machining simulation parameters like cutting speed, lateral and 
axial depth and feed rate are entered into the software. 

For 3D simulations, the interface friction coefficient 
between the workpiece and the cutting tool is modeled with a 
standard Coulomb friction of 0.5. Corner milling (cutting edge) 
and same-directional milling were selected in the simulation 
processes. A tetrahedral mesh type was used by choosing 0.01 
mm as the element size. 

For the effects of machinability parameters on power 
consumption, the workpiece material was cut 900 with a 16 mm 
tool diameter in the FE simulations. After the machining 
process, numerical results were obtained on the finite element 
model. Simulation model, mesh structure and cutting diagram 
for 3D simulations are given in Figure 2. In addition, images of 
stresses occurring at the tool tip are given in Figure 3. 
 

3 .  RESULT AND EVALUATION 

 

In this research study, simulations of 3D milling with FE 

method were made based on machining parameters. The results 

were obtained by defining the friction coefficient as 0.5 and the 

mesh dimensions as 0.1 mm. In the 3D milling simulations, the 

power consumption (P) was calculated by considering the 

resultant values of the forces Fx, Fy, Fz. The power consumption 

values calculated by multiplying the resultant cutting force and 

cutting speed were made with the formula in equation 2. This 

formula is generally used in machining processes [6,4,27]. 

 

𝑃 = 𝐹𝑥
𝑉

60
   (2) 

Parameters in Equation 1; 

P: Power (w) 

V: Cutting speed (m/min.) 

F: Force (N) 

 

The resultant V in Equation 2 (√𝐹𝑥
2 + 𝐹𝑦

2 + 𝐹𝑧
2) is the 

cutting speed and F is the cutting force. We can express the 

cutting speed equations in detail as follows. 

 

𝑉 =
𝜋𝑥𝐷𝑥𝑁

1000
   (3) 

 

Parameters in Equation 3; 

V: Cutting speed (m/min.) 

N: Spindle speed (rpm) 

D: Tool diameter (mm) 

 

The power values measured in physical experiments are based 

on measuring the magnetic field and voltage around the 

transmission cable [28]. However, it is measured with the 

package program used in the finite element method. A 

graphical example of the simulation result obtained from the 

finite element software is given in Figure 3. The simulated 

results for P and F are acquired from Figure 3 taking on the 

average value of a given interval. In general, it is known that 

with increasing feed rate and lateral and axial cutting depth, all 
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the cutting force components and power consumption increase 

[4,29]. 

 

 
Figure 3. Graphical view of the simulation result. 

 

3.1. Power Consumption 
The changes in power consumption accordingly the 

processing parameters are given in Figure 4. It has been 

concluded that the increase in feed rate, lateral and axial cutting 

depth and cutting speed increase the power consumption in 

general. 
 

 
Figure 4. Power consumption variation graph based on axial depth and 
cutting speed. 

 

By examining the graph based on axial depth and cutting 

speed, an increase in power consumption occurs with an 

increase in axial force and cutting speed in general. However, 

with each increase in cutting speeds, a fluctuating change has 

occurred in power consumption, not a parallel increase. In this 

case, fluctuating results may occur because the milling cutting 

mechanics process is different [30]. According to Figure 4, the 

highest power consumption (2700.299 W) occurred at a cutting 

speed of 200 m/min and an axial depth of 8 mm. The lowest 

power consumption (468.893 W) occurred at 180 m/min 

cutting speed and 4 mm axial depth. There was a 476% change 

between the highest and lowest power consumption. 

 

 
Figure 5. Power consumption variation graph based on lateral depth and 

cutting speed. 

 

As a result of examining the effect of lateral depth and 

cutting speed in Figure 5, the highest power consumption 

occurred at a cutting speed of 1.6 mm lateral depth and 200 

m/min. The lowest value was 0.8 mm lateral depth and 180 

m/min cutting speed. The highest change occurred with the 

increase of lateral depth from 0.8 mm to 1.2 mm at 180 m/min 

cutting speed with 389%. The lowest power consumption 

change occurred with an increase of lateral depth from 0.8 mm 

to 1.2 mm at 200 m/min cutting speed with a 19% change. 

 

 
Figure 6. Power consumption variation graph based on feed rate and cutting 

speed. 
 

By examining the graph in Figure 6, depending on the 

cutting speed and feed rate the highest power consumption 

value occurred at 0.08 mm/tooth feed rate and 200m/min 

cutting speed. The lowest power consumption value was 

observed at a cutting speed of 180 m/min and a feed rate of 0.08 

mm/tooth. The highest rate of change between the parameters 

occurred in the increase from 0.08 mm/tooth advance to 0.12 

mm/tooth advance amount. The lowest rate of change occurred 

in the increase from 0.12 mm/tooth advance to 0.16 mm/tooth 

advance amount. Generally speaking, an increase in power 

consumption is expected with an increase in the amount of feed 

[4]. However, in milling mechanics, it is acceptable to result in 

such a result, since the multi-toothed tools and the cutting edge 

are different from the single-edged tools. 

Taguchi analysis was performed to determine the 

parameters that significantly affect the power consumption in 

the simulation results. In order to find the optimum points of 

the processing parameters used in the study, the S/N ratios were 

determined by taking into account the smaller-the-better 

quality characteristic objective function (Table 5) [31,32]. 

 
 

TABLE 5 

AVERAGE S/N RESPONSE FOR THE POWER CONSUMPTION. 

Level Radial 

Deep of 

Cut (mm) 

Axial 

Deep of 

Cut 

Cutting 

Speed 

(m/min.) 

Feed Rate 

(mm/tooth) 

1 -61.19 -58.22 -61.82 -61.82 

2 -63.54 -63.26 -63.39 -63.33 

3 -64.90 -68.15 -64.41 -64.48 

Delta 3.71 9.93 2.59 2.66 

Rank 2 1 4 3 

 

According to the average smallest best S/N values found in 

Table 4, the values with the highest Delta levels specified for 

each level have the greatest effect on power consumption. 

Impact rankings in the tables are expressed with "rank". Thus, 

it has been determined that the most effective parameter in 

power consumption is axial depth. In addition, it was concluded 

that the lateral depth of cut 1, the axial depth of cut 1, the 

cutting speed 1 and the feed per tooth 1 level for the optimum 

power consumption value. Finally, it was concluded that 
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minimum cutting speed, lateral and axial cutting depth and feed 

rate should be used for less power consumption and therefore 

an environmentally friendly environment. 

The graph of the S/N ratio responses for power 

consumption is given in Figure 7. The maximum points of the 

slopes in the figure give information about the efficiency levels 

of the processing parameters. 

 

 
Figure 7. S/N chart for power consumption. 

 
4 .  CONCLUSION AND SUGGESTIONS 

 
In this study, the finite element method was used to increase 

the machinability of S960QL structural steel. Similar studies 

were previously an investigated by Bouzid et al. [29] and 

Korkmaz et al. [4] with finite element modeling and 

mathematical modeling to estimate the power consumption of 

processing parameters. In addition, a similar study was 

conducted by Günay et al. [33]. The summary of the work done 

is given below. 
The power consumption increased with increasing cutting 

depth. 

The highest power consumption (2700.299 W) occurred at an 

axial depth of 8 mm and a cutting speed of 200 m/min. 

The lowest power consumption (468.893 W) occurred at an 

axial depth of 4 mm and a cutting speed of 180 m/min. 

According to Taguchi analysis, it was concluded that the most 

effective parameter in power consumption is axial depth, and the 

parameter with the lowest effect is cutting speed. 

It is concluded that lower power consumption can be achieved 

by optimizing the processing parameters. 

It has been concluded that the processing parameters can be 

used for the estimation of power consumption with the finite 

element method. 

The finite element method can be used to determine the 

machinability parameters of structural steels and materials with 

difficult machinability at the optimum level and to make the 

machining industry sustainable. 

Comparisons can be made with experimental studies. 

This study will contribute to the studies to be carried out with 

the finite element method. 
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1. INTRODUCTION  
 

It is well known that the SARS-CoV-2 virus, which was first 

recorded in Wuhan, China, in December 2019, quickly spread 

to other countries and was declared a pandemic by the World 

Health Organization (WHO) on March 11, 2020 [1-2].  

Due to the rapidly peaking number of cases, many countries 

have started implementing restrictive measures such as curfew 

at certain time intervals to prevent the increase in the number 

of cases [1]. Globally, as of February 01, 2022, there have 

been 376.478.335 confirmed cases of COVID-19, including 

5.666.064 deaths, reported to WHO. As of January 30, 2022, 

a total of 9.901.135.980 vaccine doses have been administered 

[3]. The first case in Turkey was recorded on March 11, 2020, 

and the first death occurred on March 17, 2020. By February 

01, 2022, the total number of cases and deaths reached 

10,808,770 and 85,600 [4]. Turkey began to take many 

measures to prevent the increase in confirmed cases. The first 

measure started with the suspension of all flights from China 

on February 05, 2020. After that, on March 16, 2020, face-to-

face education was suspended in primary and secondary 

schools and universities, and online education was started. 

The first curfew was imposed on citizens over 65 years of age 

and those with chronic diseases on March 22, 2020. Between 

April 11 and April 19, 2020, a curfew was imposed in 

Zonguldak and 30 major cities on weekends. In addition, a 

wider curfew was introduced during the official holidays of 

April 23 and May 01, and 23-26 April and 01-03 May 2020 

were declared as quarantine periods. In addition, a curfew was 

implemented in 15 provinces between 8-10 May and 15-19 

May 2020, while a curfew was implemented in all provinces 

of Turkey on 22-26 May 2020. The lockdowns imposed in 

2021 were as follows: A 2-week partial lockdown was 

implemented starting from 19.00 on April 14, 2021. A curfew 

was imposed between 19.00 and 05.00 on weekdays and 

covered the entire weekend. A full lockdown had been 

announced until 05:00 on May 17, effective from 19:00 on 

April 29, 2021 [5]. With the implementation of the curfew, it 

is possible to reduce emissions from traffic and industrial 

facilities.  

Air pollution, which occurs depending on natural (i.e., 

volcanic eruptions) and anthropogenic drivers (i.e., 

greenhouse gases caused by traffic emissions, industrial 

activities, such as the burning of fossil fuels in power plants 

and during the production of cement), is of severe significance 

on public health as one of the most important environmental 

issues, regionally or globally. Air pollutants are classified as 

sulfur dioxide (SO2), carbon monoxide (CO), nitrogen dioxide 
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(NO2), ozone (O3), lead (Pb), and particulate matter (PM) by 

Environmental Protection Agency [6].    

Studies in the literature focus on the effects of quarantine 

practices on air pollution. Most studies have revealed that 

lockdown applied partially or fully positively impacts 

declining air pollution [7-9]. Some studies examining the 

effects of quarantine measures on air quality are presented 

below.  

Ali Sahraei et al. (2021) [1] investigated the improvements 

in air quality in Turkey's Istanbul and Ankara provinces based 

on the limitation in public transportation usage. Due to 

lockdown measures from January to May 2020, the 

improvements were estimated at 9% and 47% for Ankara and 

Istanbul. Gao et al. (2021) [10] investigated the impact of 

changes in human activities on air quality during the COVID-

19 pandemic by determining the relationships between air 

quality, traffic volume, and meteorological conditions based 

on lockdown activities, considering megacities of China, such 

as Wuhan, Beijing, Shanghai, and Guangzhou for the period 

January–May between 2016 and 2020. Following the results 

obtained from the present work, the change rates of PM2.5, 

NO2, and SO2 before and during the lockdown in the four 

megacities showed diversities from −55.4% to 78.2% because 

of meteorological conditions of provinces. Gautam et al. 

(2021) [11] investigated the air quality index (AQI) of Delhi 

(DTU, Okhla and Patparganj), Haryana (Jind, Palwal and 

Hisar), and Uttar Pradesh (Agra, Kanpur and Greater Noida) 

from February 17, 2020, to May 4, 2020, including lockdown 

period started from April 25, 2020, by the Government of 

India. Results suggested that AQI has improved by up to 30–

46.67% after lockdown. Goren et al. (2021) [12] investigated 

the impacts of lockdown on the air quality of 11 cities, looking 

at concentrations of air quality parameters containing PM2.5, 

PM10, SO2, NO2, NO, NOx, O3 and CO obtained from 51 air 

quality measurement stations (AQMS) from March – April 

period of 2020 compared with that of the previous year. While 

PM2.5 and PM10 concentrations were not significantly affected, 

NO, NO2 and NOX concentrations were decreased, SO2 did not 

show a significant change. Hu et al. (2021) [13] assessed air 

quality by looking at the variations in the concentration of air 

pollutants and air quality index in China (Wuhan), Japan 

(Tokyo), the Republic of Korea (Daegu), and India (Mumbai) 

during and after lockdowns. The results indicated that air 

pollution levels were positively correlated with reducing 

pollutant levels during and after lockdowns in these cities. 

Moreover, the lockdown policy generally reduced air 

pollution, which is more significant for regions with high air 

pollution levels. Sahoo et al. (2021) [14] investigated the 

changes in air quality, comparing the COVID-19 pandemic 

periods, including the lockdown and unlock period (post-

lockdown) with pre-lockdown in the state of Maharashtra, the 

worst-hit state in India. Results demonstrated that atmospheric 

pollutants such as PM2.5, PM10, NOx, and CO were 

substantially reduced during the lockdown and unlock phases, 

with the greatest reduction in cities having larger traffic 

volumes. Compared with the immediate pre-lockdown period, 

the average PM2.5 and PM10 were reduced by 51% and 47%, 

respectively, during the lockdown periods, resulting in a 

'satisfactory' air quality index level (AQI) a result of reduced 

vehicular traffic and industrial closing. Shakoor et al. (2020) 

[15] investigated the impacts of lockdown on the 

environmental pollutants (CO, NO2, SO2, PM2.5 and PM10) 

with (the year 2020) and without (the year 2019) the lockdown 

period in the majorly hit states and provinces of the USA and 

China, respectively. The results showed that the overall 

concentrations of CO, NO2 and PM2.5 were decreased by 

19.28%, 36.7% and 1.10%, respectively, while PM10 and SO2 

were increased by 27.81% and 3.81%, respectively, in five 

selected states of the USA during the lockdown period. 

However, in the case of chosen provinces of China, overall, 

the concentrations of all selected pollutants, i.e., CO, NO2, 

SO2, PM2.5 and PM10, were reduced by 26.53%, 38.98%, 

18.36%, 17.78% and 37.85%, respectively. Shehzad et al. 

(2020) [16] investigated the variation in the air pollution in 

India to demonstrate the impacts of COVID-19 lockdown 

from January 2020 to April 2020 using data from European 

Space Agency (ESA) and Central Pollution Control Board 

(CPCB) online portal. Results illustrated that the air quality of 

Indian territory improved significantly during COVID-19. 

NO2 concentration showed a substantial decrease in Mumbai 

and Delhi, which are among the most populated cities in India. 

Within the scope of this study, the changes in air quality 

parameters containing PM10, SO2, CO, NO2 and O3 based on 

full and partial lockdowns implemented in Istanbul in 2020 

and 2021 were examined using data obtained from Air Quality 

Monitoring (AQM) stations installed in Aksaray, Beşiktaş and 

Kadıköy districts, where the traffic density is high almost 

every hour of the day in Istanbul, the most crowded city of 

Turkey, for April and July of 2019, 2020 and 2021. The 

difference of the present study from the previous works 

conducted for the province of Istanbul in the literature is that 

it covers the lockdown period imposed in 2021 and compares 

the quarantine process applied in two different periods (years 

2020 and 2021). 

 

2. METHODS  
 

2.1. Description of the regions  
 

The present work examined variations in the air quality of the 

Istanbul province of Turkey using data from AQM stations 

located in three different zones with different population 

densities. Locations of AQM stations examined in the present 

work are presented in Figure 1. Stations in Aksaray and 

Beşiktaş are located on the European side of Istanbul, and 

Kadıköy is located on the Asia continent. The general 

information about locations is presented in Table 1. 

 

 
Figure 1. Locations of Air Quality Monitoring Stations (Adopted from 

National Air Quality Monitoring Network, Republic of Turkey, Ministry of 

Environment, Urbanization and Climate Change, NAQMN, 2022) [17]. 
 

TABLE I   

THE PROPERTIES OF AQM STATIONS  

AQM Stations Latitude Longitude Population 

Aksaray 28.9547 41.0147 382.990 

Beşiktaş 29.0100 41.0538 178.938 

Kadıköy 29.0336 40.9919 485.233 
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2.2. Data collection 
The present work examined variations in the air quality of 

Istanbul province of Turkey for pre-and during the COVID-

19 pandemic period using data obtained from Air Quality 

Monitoring Stations under the Ministry of Environment, 

Urbanization and Climate Change [17].  

 

2.3. Statistical Analysis 
To evaluate the interactions of air quality parameters 
statistically, Pearson's rank correlation tests were used as 
empirical methodologies by the Statistics Software IBM 
SPSS® version 23. The value of 0.05 was considered the 
significance level. 

 

3. RESULTS AND DISCUSSION 
3.1. Variations in the concentration of air pollutants 
Sources of air pollutants, such as sulfur dioxide (SO2), 

nitrogen oxides (NOx), carbon monoxide (CO), volatile 

organic compounds (VOCs), and particulate matter (PM), 

vary widely. In this context, burning fuels for road transport 

and electricity generation is particularly important. Pollutants 

directly released into the atmosphere are called primary 

pollutants, while some pollutants that are chemically reacted 

with other pollutants in the air are known as secondary 

pollutants. The major sources of SO2 and CO are the 

combustion of fossil fuels containing sulfur and carbon, 

particularly from power stations burning coal and vehicles. 

The pathways for NOx formation are lightning, forest fires 

and microbial activities in the soil [18]. Vehicle emissions and 

gas stoves are the major sources of most outdoor and indoor 

NO2. Moreover, the precursors of ozone are produced by 

vehicle emissions, industrial processes, chemical solvents, 

and natural sources [19]. Studies in the literature have 

depicted improvements in air pollution due to the reductions 

in the activities of sectors that contribute significantly to 

greenhouse gas emissions, such as roads and airlines, due to 

the restrictions during the pandemic. The results obtained 

differ according to countries, cities and even districts [20-21]. 

Ekici et al. (2021) [20] investigated the concentration values 

of air pollutants caused by commercial air transport in Turkey 

regarding quarantine applications of the COVID-19 pandemic 

period accepted from March to August 2020 compared with 

starting from January 2017. The monthly pollutant amount 

showed remarkable declines during the pandemic due to 

reducing domestic flights and international traffics. 

Ghahremanloo et al. (2021) [21] investigated the air pollution 

levels comparing pre-lockdown and lockdown periods 

(between February 2019 and February 2020) based on the 

COVID-19 outbreak in East Asia, including Beijing-Tianjin-

Hebei (BTH), Wuhan, Seoul, and Tokyo regions using data 

from the Sentinel-5P and the Himawari-8 satellites to examine 

concentrations of NO2, HCHO, SO2, and CO, and the aerosol 

optical depth (AOD). Results showed that the greatest 

reductions in pollutants occurred in Wuhan, with a decrease 

of almost 83%, 11%, 71%, and 4% in the column densities of 

NO2, HCHO, SO2, and CO, respectively, and a decrease of 

about 62% in the AOD. With large reductions in the 

concentrations of NO2 during lockdown situations, they 

suggested that significant increases in surface ozone in East 

China from February 2019 to February 2020 are likely the 

result of less reaction of NO and O3 caused by significantly 

reduced NOX concentrations and less NOX saturation in East 

China during the daytime. Within the scope of this study, how 

the decrease in the use of public transportation, the reduction 

in the working load of industrial facilities and the decline in 

traffic density affect the air pollution due to partial and full-

time lockdowns based on the COVID-19 outbreak were 

determined considering the year 2019 before the pandemic. 

Statistical values, including minimum, maximum and average 

concentration values of air pollutants, including PM10, SO2, 

CO, NO2 and O3 obtained from three AQM stations located in 

Istanbul for years between 2019 and 2021, including only 

three months (April 01 – July 01) showing the lockdown 

periods in 2020 and 2021 were presented in Table 2.  

 

TABLE II 
STATISTICAL VALUES OF AIR POLLUTANTS BETWEEN APRIL 01 AND JULY 01, 2019-2021 IN AQM STATIONS 

Period 
Air Quality Monitoring Stations 

Aksaray Beşiktaş Kadıköy 

April – July 2019 Min Max Mean Min Max Mean Min Max Mean 

A
ir

 Q
u

al
it

y
 

P
ar

am
et

er
s 

(µ
g

m
-3

) 

PM10 22.6 101 46.7±16.2 14.1 82.7 36.3±13.1 11.9 81.6 33.7±14.1 

SO2 0.89 14.3 3.68±2.67 1.09 16.5 4.12±3.18 1.07 12.6 3.41±2.35 

CO 2.74 947 440±142 145 905 433±118 119 954 470±130 

NO2 71.0 158 112±18.8 41.9 127 74.5±21.9 26.2 87.5 49.5±13.8 

O3 7.04 65.7 25.8±15.1 8.90 63.9 30.4±13.5 8.20 52.7 29.3±10.8 

April – July 2020          

A
ir

 Q
u

al
it

y
 

P
ar

am
et

er
s 

(µ
g

m
-3

) 

PM10 16.5 83.9 36.4±12.9 11.7 55.9 27.0±9.81 6.19 86.3 29.2±17.8 

SO2 0.83 5.25 2.42±0.93 0.93 12.3 3.77±2.27 2.04 9.14 4.52±1.45 

CO 133 876 409±160 78.5 1066 297±168 187 983 564±191 

NO2 24.0 150 88.2±30.9 8.96 105 53.2±24.1 42.0 199 83.9±23.1 

O3 9.73 66.9 35.9±15.0 7.22 53 24.7±12.1 6.40 40.6 18.4±7.46 

April – July 2021          

A
ir

 Q
u

al
it

y
 

P
ar

am
et

er
s 

(µ
g

m
-3

) 

PM10 14.1 100 36.6±15.8 10.1 70.5 27.5±11.6 7.87 80.1 26.7±13.9 

SO2 1.39 12.1 4.67±1.89 0.67 15.2 4.94±2.84 0.82 8.62 2.99±1.28 

CO 58.4 1016 454±160 235 899 517±109 37.9 659 219±181 

NO2 31.7 299 186±61.6 10.1 62.3 32.0±11.0 24.5 97.3 56.5±17.8 

O3 2.28 40.6 16.6±9.19 1.23 46.8 11.4±10.1 6.54 32.4 23.1±5.18 

Although Istanbul's Aksaray, Beşiktaş, and Kadıköy districts 

differ in terms of air quality, it can be expressed by looking at 

the decrease in the average concentrations of CO, NO2 and O3 

pollutants that the quarantine practices covering the year 2020 

contributed to the improvement of the air quality, especially in 

Beşiktaş. According to Table 1, it can be concluded that the 

district with a more effective improvement in air quality in 

2021 is Kadıköy. Normalized concentrations of air pollutants 
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based on pre-COVID-19 and COVID-19 periods for AQM 

stations examined in the present work are demonstrated in 

Figure 2. 

To better understand the impact of lockdown applications on 

air quality improvements, variations in the concentration of air 

pollutants were also presented in Table 3. When Figure 2 and 

Table 3 are evaluated together, a decrease was observed in the 

concentrations of all pollutants except for the O3 parameter for 

the Aksaray district with the lockdown effect applied in 2020, 

while there was a decrease in only the O3 concentration in 2021. 

For the Beşiktaş district, it is seen that the quarantine 

implemented in 2020 improved the air quality in all parameters, 

and there was a decrease in NO2 and O3 concentrations in 2021. 

As for the district of Kadıköy, it is noticed that quarantine 

practices in 2020 caused a decline in PM10 and O3 

concentration, and in 2021, lockdown had a better influence on 

air pollution. 

 

  

 
Figure 2. Normalized Concentrations of Air Pollutants based on pre-COVID-19 and COVID-19 Period for Three AQM Stations, in which A stands for Aksaray, 

B is Beşiktaş and C represents Kadıköy. The pre-COVID-19 period stands for 2019, and the COVID-19 period represents 2020 and 2021.  

 
TABLE III 

VARIATIONS IN THE CONCENTRATION OF AIR POLLUTANTS BETWEEN PRE-COVID-19 AND COVID-19 PERIOD 

Pollutants 

Variations (µg/m3) 

Aksaray Beşiktaş Kadıköy 

2019-

2020 

2020-

2021 

2019-

2021 

2019-

2020 

2020-

2021 

2019-

2021 

2019-

2020 

2020-

2021 

2019-

2021 

PM10 -10.3 0.20 -10.1 -9.30 0.50 -8.80 -4.50 -2.50 -7.00 

SO2 -1.26 2.25 0.99 -0.35 1.17 0.82 1.10 -1.53 -0.42 

CO -31.0 45.0 14.0 -136 220 84.0 94.0 -345 -251 

NO2 -23.8 97.8 74.0 -21.3 -21.2 -42.5 34.4 -27.4 7.00 

O3 10.1 -19.3 -9.20 -5.70 -13.3 -19.0 -10.9 13.2 -24.1 

It can be said that the results of the present study are 

consistent with those of previous studies. Baysan et al. (2021) 

[5] compared average values of air quality parameters, 

including particulate matter (PM10), sulfur dioxide (SO2), 

carbon monoxide (CO), nitrogen dioxide (NO2), and ozone 

(O3) values in March, April, and May between 2017 and 2020 

and their activity data in the same months of 2020 when Turkey 

applied the strict measures to prevent the fast increase in the 

confirmed cases of 31 cities consisting of 30 metropolitan cities 

and Zonguldak. Results showed that during the lockdown 

period, the PM10 and NO2 levels decreased from 47.6 μg/m3 to 

38.1 μg/m3 and from 54.8 μg/m3 to 25.7 μg/m3, respectively, 

compared with the 3-month average parameters of the previous 

3 years. Celik- Gul (2021) [22] investigated how the 

concentration values of the air quality parameters consisting of 

particulate matter (PM10), sulfur dioxide (SO2), carbon 

monoxide (CO), nitrogen dioxide (NO2), nitrogen oxide (NO), 

nitrogen oxides (NOx), and ozone (O3) concentrations obtained 

from 19 air monitoring stations (AMSs) in Istanbul, the most 

affected city with more than half of Turkey's cases change with 

lockdown applications. Results indicated a clear decline in 
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PM10, NO2, NO, and NOx concentration levels during the 

pandemic compared to the normal times in Istanbul.  

Ozbay and Koc (2021) [23] investigated the variations in air 

pollution during the COVID-19 pandemic lockdown period 

(March–June 2020) for an industrialized city of Turkey, Izmit 

using data from four different air quality monitoring stations. 

Results showed that the lockdown period reduced pollution 

levels in urban, industrialized, and rural areas.  

 The current study presents the variations as percentages in 

the air pollutants between 2019 and 2021 in Figure 3. When 

compared to the 3-month average values of the previous year, 

in 2020 in the Aksaray district, the pollutant SO2 showed a 

maximum decrease with a decrease from 3.68 µg/m3 to 2.42 

µg/m3. According to the quarantine process implemented in 

2021, when the concentration values are compared with the 

previous two years, the maximum decrease was observed in O3, 

which decreased from 25.8 µg/m3 to 16.6 µg/m3 in a ratio of 

55.4%.  

 In Beşiktaş, when the concentration of pollutants during the 

first lockdown applications of the COVID-19 was compared to 

the 3-month average values of the previous year, it was 

observed that the concentrations of CO, NO2, PM10, O3 and SO2 

pollutants decreased by 46, 40, 34, 23 and 9 %, respectively. In 

2021, the highest reduction in the concentration of pollutants 

was observed in O3 (62.5 %), followed by NO2 (57%) and PM10 

(32%). As for the Kadıköy district, only O3(59 %) and PM10 

(15%) showed a decrease in their concentration in 2020 

compared to the previous year.  

 Considering the comparison of values between 2019 and 

2021, the maximum decline was observed in O3 (82 %), similar 

to Beşiktaş province, followed by CO (53 %), PM10 (26 %) and 

SO2 (14 %). As a result, the pollutant, which was observed with 

the highest reduction in its concentration during the first 

lockdown implementation compared to the pre-COVID-19 

period, was determined as O3 with a ratio of 59 %; similarly, in 

2021, O3 showed the maximum reduction in its concentration 

compared with others. Moreover, results obtained from the 

current study pointed out that Aksaray, Beşiktaş and Kadıköy 

demonstrated the highest decline in SO2, CO and O3, 

respectively, during the first period of lockdown applications.  

 

  

 
Figure 3. Variations of Air Pollutants as Percentage based on pre-COVID-19 and COVID-19 Period for Three AQM Stations, in which A stands for Aksaray, B 

is Beşiktaş, and C represents Kadıköy. 
 

 Similar results showing the decline in the concentration of 

air pollutants depending on lockdown measures were also 

reported in the previous works [7,24-25]. Dabbour et al. (2021) 

[7] compared concentration levels of air pollutants containing 

PM10, CO, NO2 and SO2 pollution in the three largest cities of 

Jordan, including Amman, Irbid and Zarqa, over the period 

from March 15 to June 30 during the years from 2016 to 2020 

using a paired sample t-test to determine the impacts of the 

reduced traffic due to mandated business closures during the 

pandemic period. Results indicated that Zarqa had the highest 

decline in SO2 and NO2 concentration during the lockdown 

period. The maximum reductions in Irbid city were in CO and 

PM10 concentrations. Kumari et al. (2020) [24] investigated the 

impact of lockdown on air pollutants levels in 39 different  

 

 

cities of India (including 10 Indian cities considered among the 

world's 20 most polluted cities), comparing the pollutants 

levels from 24th March-31st May in 2020 with the same period 

in 2019. After implementing lockdown measures, air pollution 

decreased. The most significant reduction was observed for 

nitrogen dioxide (NO2) (3– 79%) and carbon monoxide (CO) 

(2–61%). The maximum reduction observed in PM10 and PM2.5 

was 58 and 57%, respectively, during the lockdown period in 

2020 compared to the previous year. Orak and Ozdemir (2021) 
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[25] investigated the impact of lockdown measures on air 

quality parameters, including PM10 and SO2, in 81 cities in 

Turkey. They found that PM10 and SO2 concentrations were 

lower in 67% and 59% of the cities, respectively, in April 2020 

compared to the previous five years (2015–2019). 

 

3.2. Correlations between air pollutants 
 

The associations between the parameters resulting from the 

decrease or increase in air pollution are vital to evaluate 

variations in the concentration of pollutants. In this regard, the  

Pearson correlation test was used to determine how the 

interaction of air pollutants affects air pollution. The results 

from correlations between the concentration of air pollutants 

taken from AQM stations located in three different districts of 

Istanbul are presented in Table 4. 

 When Table 4 is examined, it can be said that there is a 

positive relationship between parameters in all districts. 

Therefore, it can be thought that an increase in the 

concentration of one of the parameters increases the 

concentration of the other parameter, or vice versa, that a 

decrease in the concentration of one parameter causes a 

reduction in the concentration of the other parameter.  

 
TABLE IIII 

CORRELATIONS BETWEEN AIR POLLUTANTS FROM DIFFERENT 

AQM STATIONS 

AQM 
Stations 

Correlated 
Parameters 

Pearson's Correlation 
Coefficient 

P-value 

Aksaray 

PM10-SO2 0.086 0.94 

PM10-CO 0.23 0.85 

PM10-NO2 0.27 0.83 

PM10-O3 0.04 0.97 

SO2-CO 0.98 0.09 

SO2-NO2 0.94 0.23 

SO2-O3 0.99 0.02 

CO-NO2 0.88 0.32 

CO-O3 0.98 0.12 

NO2-O3 0.95 0.20 

Beşiktaş 

PM10-SO2 0.18 0.89 

PM10-CO 0.18 0.88 

PM10-NO2 0.84 0.36 

PM10-O3 0.70 0.51 

SO2-CO 0.93 0.23 

SO2-NO2 0.68 0.52 

SO2-O3 0.83 0.38 

CO-NO2 0.38 0.75 

CO-O3 0.58 0.61 

NO2-O3 0.97 0.15 

Kadıköy 

PM10-SO2 0.11 0.93 

PM10-CO 0.58 0.61 

PM10-NO2 0.35 0.77 

PM10-O3 0.69 0.51 

SO2-CO 0.87 0.33 

SO2-NO2 0.89 0.29 

SO2-O3 0.64 0.55 

CO-NO2 0.56 0.62 

CO-O3 0.19 0.88 

NO2-O3 0.92 0.26 

 
 In the Aksaray district, the degree of the strongest relations 

between the parameters can be listed as follows: SO2-O3 > SO2-

CO = CO-NO2 > NO2-O3 > SO2-NO2. In Beşiktaş, this order is 

as follows: NO2-O3 > SO2-CO > PM10-NO2 > SO2-O3. In 

Kadıköy, the strongest correlation between parameters was 

observed between NO2-O3, followed by SO2-NO2 and SO2-CO 

parameters. When the statistical significance of the relations 

between the parameters for these three districts is evaluated, it 

can be said that there is a statistically significant positive and 

very strong association between only SO2-O3 in the Aksaray 

district. 

 As a result, it can be expressed that the restrictions during 

the quarantine period made a positive contribution to the fight 

against air pollution in Istanbul, similar to the previous studies 

for different countries and regions. El Kenawy et al. (2021) [9] 

investigated the percentage changes in the concentration of air 

pollutants during the COVID-19 lockdown period in 21 

metropolitan areas in the Middle East. The results indicated 

considerable reductions in the levels of atmospheric pollutants, 

particularly NO2, SO2, and CO. Air quality improved 

significantly during the middle phases of the lockdown (April 

and May), especially in small metropolitan cities like Amman, 

Beirut, and Jeddah, while it was less significant in megacities 

like Cairo, Tehran, and Istanbul. Fu et al. (2020) [26] 

investigated the effects of the COVID-19 pandemic lockdown 

on the air quality of 20 major cities on six continents, 

evaluating Air Quality Index (AQI) to estimate the change in 

air quality. The results showed that AQI in NO2, SO2, CO, 

PM2.5 and PM10 in most cities was significantly reduced 

because of decreasing transportation, industry and commercial 

activities during the lockdown.  

 By contrast, the changes of AQI in ground-level O3 were 

not significant in most cities, as meteorological variability and 

ratio of VOC/NOx are key factors in ground-level O3 formation. 

Dursun et al. (2021) [8] investigated the impacts of COVID-19 

measures on the improvements of air quality in Turkey, 

evaluating daily means of air pollutants including PM10, PM2.5, 

NO2, CO, O3, and SO2 in 29 metropolitan cities and the 

province of Zonguldak for two periods: a period before the 

COVID-19 measures between January 1 and March 15, 2020, 

and the period in which the measures were in force between 

March 16 and April 15. Results suggested that the measures 

taken during the pandemic period significantly improved the 

air quality of provinces.  

 Alharbi et al. (2022) [27] investigated the changes in the 

concentrations of air pollutants (NO, NO2, NOx, SO2, CO, O3, 

PM10, and PM2.5) at three sites with different traffic loads 

(work, residential, and traffic sites) before, during, and after the 

COVID-19 lockdown applied in Riyadh City which is the 

capital of Saudi Arabia. Results indicated that the average 

concentrations of NO, NO2, NOx and CO decreased during the 

lockdown period by 73%, 44%, 53%, and 32% at the work site; 

222%, 85%, 100%, and 60% at the residential site; and 133%, 

60%, 101%, and 103% at the traffic site relative to the pre-

lockdown period, respectively. The average concentration of 

O3 increased by 6% at the worksite, whereas the concentration 

of SO2 increased by 27% at the residential site and decreased 

by 6.5% at the worksite.  

 Bhatti et al. (2022) [28] investigated the change in air 

pollution by analyzing AQI, six ambient air pollutants, 

including NO2, O3, SO2, CO, PM10 and PM2.5 for three periods: 

pre-COVID (from January 1 to May 30, 2019), active COVID 

(from January 1 to May 30, 2020) and post-COVID (from 

January 1 to May 30, 2021) in the Jiangsu province of China. 

Results exhibited that the mean change PM2.5 from pre-COVID 

to active COVID decreased by 18%; post-COVID, it has only 

decreased by 2%. PM10 decreased by 19% from pre-COVID to 

active COVID, but post-COVID pollutant concentration has 

seen a 23% increase. 
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4. CONCLUSION 
 

It is a well-known fact that vehicle emissions and industrial 

processes are the major sources of air pollutants. During the 

lockdown period of COVID-19, greenhouse gas emissions 

caused by traffic and industrial plants demonstrated a declining 

trend as expected. In this respect, the values of air pollutant 

concentrations obtained from the air quality monitoring 

stations in the regions with the highest workload and traffic 

density in Istanbul, the most populated city in Turkey, were 

compared with the values of the previous year in the quarantine 

periods, and the statistical changes in the concentrations were 

tried to be explained within the scope of this study.  

 According to the study results, the pollutant that showed the 

highest decrease in its concentration in 2020 compared to the 

previous year was observed in Ozone concentration in 

Kadıköy. According to the evaluations based on districts, the 

pollutants showing the maximum decrease in 2020 compared 

to 2019 were SO2 in Aksaray district, CO in Beşiktaş district 

and O3, as stated before in Kadıköy. When this comparison is 

made for the period between April 01 and July 01 in 2020 and 

2021, when quarantine applications are made, O3 was the 

pollutant with the maximum decrease in both Aksaray and 

Beşiktaş districts, while CO showed the maximum reduction in 

Kadıköy. Finally, when 2019, which was the pre-pandemic 

period, as compared with 2021, which did not exist in previous 

studies and which revealed the novelty of this study, and 

between April 01 and July 01, which includes quarantine 

practices, the pollutant showing the maximum decrease did not 

change in all districts and became O3. Another result obtained 

from the study is that the interaction of the parameters directly 

affects their concentrations. According to the correlation 

results, it was determined that there was a statistically positive 

relationship between only SO2 and O3 parameters in the 

Aksaray district.  

 As can be understood from the results of this study, the 

reduction of traffic-related emissions and the reduction of 

greenhouse gases originating from industrial facilities are of 

great importance in air pollution control. In particular, 

supporting users by governments with initiatives such as tax 

reductions in the usage of electric vehicles instead of diesel-

fueled those, expanding the use of renewable energy instead of 

electricity generation from coal-fired thermal power plants, 

giving importance to energy efficiency in buildings and 

workplaces, and providing thermal insulation in buildings 

should be considered and implemented by decision-makers as 

measures to cope with increasing air pollution in the cities.  
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1. INTRODUCTION  
 

Various policies are implemented across the world to reduce 

the use of individual vehicles by people. The most important 

of these is the development of public transportation systems. 

But often the capacity of public transport systems may be 

insufficient. In addition to this, the increase in the number of 

transfers may be among the reasons that direct people to the 

use of individual vehicles. For this reason, methods that will 

be an alternative to public transportation systems are being 

developed. Thanks to the alternative methods applied, 

problems in traffic can be minimized. Also, performance 

situations can be determined by observing the applied changes 

[1-3]. 
The carsharing system (CSS) is encouraged to reduce the 

use of individual vehicles and to increase the occupancy of 
these vehicles in developed and developing countries [4]. 
There are different types of systems. In the first model, the 
individual is applied by sharing his car with other people 
going in the same direction or accompanying the person with 
the individual's car. In this model, it is enough for only one of 
the individuals sharing cars to have a car. In the case of cars 
in more than one individual, carsharing can be made with a 
single vehicle, provided that a certain cycle is achieved [5]. In 
the developing version of this model in recent years, it is 
provided with the help of mobile applications or websites, and 
to make travel companions on long distances. In this structure, 

the individual can find his companion by sharing his/her 
location, destination, and date information. Thus, it saves 
money by sharing travel expenses with others [6-8]. Again, 
for this situation, at least one of the individuals traveling 
together has a car. 

In the second model, there is a car rental process similar to 
the normal car rental system. Thanks to the car rental process 
with other individuals, the costs are greatly reduced. The most 
important advantage is that you don't have to bring the car 
back to where you bought it [7-9]. Companies applying this 
system give a membership card to the user who is a member. 
With this card, the vehicle to be rented can be opened and 
closed. The person can find the vehicle closest to the region 
where the car rental process will begin and travel by the people 
who will share the car [10,11]. They can leave the vehicle in 
the region where the journey ends. Since car rental companies 
can see from which location the vehicles are picked up and 
left, they are charged accordingly. On the other hand, renting 
individuals pay the expenses along the way together. While 
this model is actively used in many developed countries in the 
world, it is limited to only big cities such as Istanbul in our 
country [12-14]. 

In the third model, as in the second model, there is a rental 
car for transportation. However, instead of the company car, 
individuals' personal cars are rented and traveled. In this 
system, the person who hires his car earns money. But, since 
the system has various security weaknesses, its use is less 
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frequent. Thanks to the CSS models, increasing in-vehicle 
occupancy rates, reducing the number of vehicles in traffic, 
transporting the same number of people with less fuel and 
vehicles, contributing to both the economy of the individual 
and the country, reducing the exhaust emission, creating a 
culture of travel together, developing feelings of co-existence 
and social responsibility, and occupancy in parking areas 
reduction of the rate is provided [15-17]. It is aimed to speed 
up the working process of the building by producing web sites 
and mobile applications in many developed and developing 
countries that take into account these benefits of the CSS. 
Thanks to these applications, the reliability, and usability of 
the system are increased. Besides, the end-of-journey 
evaluation can be made about the people traveling together. 
With this situation, the possibility of choosing the companion 
may also arise in individuals using the CSS [18,19]. 

In this study, a CSS has modeled as a result of the surveys 

conducted by the Erzurum Metropolitan Municipality (EMM) 

personnel. In this model, the areas where the surveyed 

individuals have their homes are divided into certain regions. 

With the mobile application design, the status of participation 

in the CSS has examined. According to the status of 

participation in the CSS, monthly total economic gain and 

savings per individual have calculated. 

 

2. MATERYAL AND METHOD  
 

2.1. Survey data 

 

EMM, which is determined as the study area, is located in the 

most central location of the city. A survey was conducted on 

100 staff working in various departments in the main building 

of the municipality. With the questions asked in the 

questionnaires, the usability of the CSS was investigated. In 

the questions asked, the locations of the individuals' homes, 

what is the transportation to the workplace, the status of 

joining the CSS, the fuel characteristics of their vehicles, and 

the most disturbing issues in transportation were determined. 

The percentage of answers given as a result of the surveys 

conducted are shown in Fig. 1. 

When the responses are examined, a great majority of the 

municipal employees provide their transportation with the 

help of motor vehicles. 16% of the centrally located people 

provide transportation to the workplace on foot or by bicycle. 

The remaining 84% prefer cars or public transport. Also, more 

than half of these individuals provide their transportation with 

their vehicles. This can cause serious traffic jams and parking 

problems. As a matter of fact, these issues and fuel costs are 

included in subjects that individuals find most disturbing in 

transportation. The attitudes of these individuals towards the 

CSS were also determined to reduce the problems stated by 

the individuals. A large number of individuals approach the 

car-sharing system positively. Individuals who prefer motor 

vehicles in accessing their workplaces and homes, find the 

car-sharing system useful and who can participate in this 

system contain a 76% segment. 8% of people think that the 

CSS is not suitable for them and prefer to provide 

transportation with their personal vehicles. In this regard, the 

applicability of the CSS appears to be quite high. 

 

 

 

 

    
 

Figure 1. Percentage of EMM employees' responses to the survey questions 

52%
32%

16%

How do you get to the workplace?

by car by public transport on foot or by bicycle

7%

22%

16%
20%

35%

Where do you live in the city?

Dadaşkent Şükrüpaşa-Hilalkent

Merkez Kayakyolu

Yenişehir-Yıldızkent

28%

23%

37%

12%

What bothers you the most about transportation?

Traffic congestion Lack of parking spaces

Fuel and parking fees Air and noise pollution

16%

32%44%

8%

What is your status in joining the vehicle sharing 

system?

My house is close to the workplace so I don't need it.

I provide transportation by public transport. So I would

like to join.

I provide transportation in my car. I would like to

participate by sharing the costs.

I provide transportation in my car. I don't want to join the

carsharing system.
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2.2. Study area 

 

EMM, which is determined as the study area, is located in the 

most central location of the city. As a result of the surveys, the 

locations of these individuals' homes are located in five 

regions. These regions are named as Dadaşkent, Kayakyolu, 

Merkez, Yenişehir-Yıldızkent, Şükrüpaşa-Hilalkent due to 

their locations. The average distances of these regions to 

EMM and their areas are shown in Figure 2. 7% of individuals 

are located in the Dadaşkent region, which is approximately 

6.4 km from the workplaces [20,21]. The other 3 regions, 

which are accessible by motor vehicles, are at an average 

distance of 3 kilometers from the workplace (Fig. 2). 

 

 
 

Figure 2. Average distances of the regions to EMM (The average distances 
shown are highway distances) 

 

In the region where EMM is located, there are important 

public buildings such as the Provincial Directorate of 

Environment and Urbanization, Palandöken District 

Governorate, Land Registry, and Cadastral Regional 

Directorate, Erzurum Courthouse. It is known that many 

citizens, as well as individuals working in these buildings, 

have visited these public buildings. In this case, an important 

vehicle density emerges. Although there are parking areas 

around the region, it is insufficient and due to this density, 

contrary parking is frequently encountered at the roadside. 

 

2.3. Carsharing system 
 
A mobile application interface has been created for 

individuals to make travel companions via CSS. Individuals 

who register to this interface with their personal information 

indicate whether they have a vehicle and in which location 

they reside. Then, if they own the car, they specify how many 

passengers they can get in their car, the meeting time and 

address they have set to go to work, and finally their phone 

number and the unit they work for. If the individual does not 

own the vehicle, he/she can see the phone number of the 

individuals who own the vehicle in this region and request to 

use the CSS in the tab after stating in which region he/she is 

living and can communicate with them. In this way, 

individuals who intend to use CSS will be able to choose the 

people to use this system. The interface designed for this 

system is shown in Fig. 3. 

 

  
  

  
 

Figure 3. Mobile application interface designed for CSS 

 

3.  RESULTS AND DISCUSSION 
 

With the grouping created for the CSS structure, it was 

decided to take 2 or 3 passengers for each car, excluding the 

driver. Because the individuals demanding to join the system 

requested this direction to have a comfortable journey and to 

minimize delays. There are 44 cars in total for individuals who 

want to join the carsharing system. Rotating the cars in the 

same region on a weekly basis is important to ensure equality. 

If the vehicle is shared as a result of the examination and 

where the locations of the individuals are taken into account, 

the sharing status is given in Tab. I was obtained.  

 
TABLE I   

 DATA OBTAINED IN CASE OF APPLICATION OF CSS BY REGIONS 

Region 
No 

Number of 
Individuals 

Number of 
individuals 

who want 

to join 
CSS 

Number of 

individuals 
who do 

not want 

to 
participate 

in CSS 

Number 
of 

vehicles 
in 

people 

who 
want to 

join 

CSS 

Number 

of 

vehicles 
used 

with 

CSS 

1 7 7 0 4 2 

2 22 19 3 12 5 

3 16 0 16 - - 

4 20 18 2 11 5 

5 35 32 3 17 8 

Total 100 76 24 44 20 

 

Before the CSS system, 44 of 76 individuals requesting to 

join this system provide their transportation, while 32 provide 

their transportation by public transportation. With the CSS 

application, taking into account the locations of these 

individuals, the number of vehicles required was 20. In this 

case, the number of vehicles in use decreased by 

approximately 55%. This provides significant gains in the 

name of fuel and parking fees. In addition to this situation, the 

total amount of 32 people pay daily for public transportation 

is 122 TL. The fuel consumption and the resulting charges for 

the vehicles are shown in Tab. 2.    
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TABLE II 

 CALCULATION OF THE EARNINGS OBTAINED BY THE IMPLEMENTATION OF CSS 

Region No 
Daily fuel fee 
(TL) before 

CSS 

Daily fuel fee 

(TL) after CSS 

Daily parking 
fee (TL) before 

CSS 

Daily parking 
fee (TL) after 

CSS 

Daily-earnings 

(TL) 

Monthly 

earnings (TL) 

1 28,16 14,08 8 4 18,08 415,84 

2 46,99 19,58 24 10 41,41 952,43 

3 - - - - - - 

4 30,73 13,97 22 10 28,76 661,48 

5 60,78 28,6 34 16 50,18 1154,14 

Total 166,66 76,23 88 40 138,43 3183,89 

* Parking fees are calculated on a monthly subscription. 
* Fuel charges have calculated separately for diesel, gasoline, and LPG vehicles. 

* Calculation has made considering that there is an average of 23 working days in 1 month. 

 

 

When the table is examined, if the CSS system is applied, a 

saving of 138,43 TL per day is provided for automobile fuel 

and parking fees. Besides, 122 TL is saved for individuals who 

provide their transportation by public transportation. When 

both cases are calculated monthly, Tl 5989.89 is saved. An 

average of 78.81 TL of monthly income is earned per 

individual participating in the system. The implementation of 

CSS is quite easy, but the gains are also high. Especially in the 

long term, it can provide serious financial gains for individuals. 

On the other hand, situations such as air pollution, traffic 

congestion, insufficient parking areas, and noise pollution, 

which increase due to the increase in the number of vehicles in 

daily life, can be significantly reduced with the CSS method. 

 

4. CONCLUSION  
 

In this study, in addition to the existing methods, the 

applicability of CSS within the institutions was investigated. A 

mobile application interface is designed based on the locations 

of individuals' homes and whether they own a vehicle or not. 

Accordingly, as a result of the survey conducted for 100 

individuals working in the EMM, it was determined that 76 

individuals wanted to participate in CSS. For these individuals, 

daily and monthly expenses were calculated by determining the 

usage of public transportation, fuel prices of individual 

vehicles, and parking fees. Then, the expenditures that will 

occur by calculating CSS are calculated. When both cases are 

compared, a saving of nearly 6 thousand TL per month is 

achieved. In addition to this financial gain, since the number of 

vehicles in traffic will decrease, delays can be reduced, parking 

areas can be found, harmful gas emissions and noise pollution 

can be reduced. Since the system has such a beneficial aspect, 

the CSS system should be widely used, especially in areas 

where government agencies and business centers are located. 

Also, individuals can be encouraged by government agencies 

to increase the usability of the system. Accordingly, it is 

possible to design more livable cities. 
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1. INTRODUCTION 
 

The first geothermal activities in Gediz Graben in Western 

Anatolia started in the 1960s due to high-temperature hot 

springs (Figure 1). In recent years, geothermal fluids have 

been produced up to 287 oC. Geothermal resources are used in 

regional and greenhouse heating, chemical production, 

tourism, health facilities, and mainly in electricity production 

[1-8]. The installed geothermal power capacity of Turkey 

reached 1668 MWe in 2020. There are more than 200 deep 

geothermal wells in the Gediz Graben. Numerous geothermal 

power plants are currently operating, and approximately 500 

MW of electricity is generated from these power plants [9-17]. 

The high-temperature Kavaklıdere Geothermal Field 

(Alaşehir) is located along the active southern margin of the 

Gediz Graben (Figure 1). It is noteworthy that high-

temperature geothermal fields in Western Anatolia are lined 

up along detachment faults on the edges of Büyük Menderes 

and Gediz grabens (Figure 1). This situation creates a need to 

investigate the role of a detachment fault in the occurrence of 

high-temperature geothermal systems (is detachment fault a 

channel for geothermal fluids or a physical mechanism that 

increases the geothermal gradient by generating frictional 

heat?). Therefore, in this study, structural controls in the 

Kavaklıdere field, a high-temperature field associated with the 

Gediz detachment fault, are investigated. The temperatures of 

geothermal reservoirs in the field range from 188 to 287 oC. 

The field contains numerous geothermal reservoirs in 

intersection areas with N-NNE trending transfer faults and the 

Gediz Detachment Fault [2-4, 8]. The main research focus of 

this study is to survey the structural controls of a high-

temperature geothermal field related to the detachment fault. 

 

2. GEOLOGICAL SETTING 
 

Aegean extensional province occurs above the north-dipping 

Hellenic subduction zone in Africa-Eurasia convergent 

boundary in the Eastern Mediterranean region. There are two 

sets of Cenozoic extensional grabens and sedimentary basins 

in and around the Menderes Massif: those with NNE-SSW-

trending and filled with lower Miocene and younger 

siliciclastic, volcaniclastic, and volcanic rocks, and those ~E-
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W-trending and filled mainly with siliciclastic rocks [18-21]. 

Most of these grabens are bounded by high-angle normal 

faults with strike-slip components [18, 21, 22]. These E-W-

trending grabens and basins are bounded by normal faults 

dipping with high to moderate-angles, some of which are 

seismically active [23-26], and destroying and crosscutting 

NNE-SSW-trending grabens and basins. 

[18] reported that NNE-trending grabens locally occur as 

‘hanging grabens’ in the E-W trending ones' footwalls and that 

the trapped structures and sedimentary units of these older 

NNE-trending grabens are distinguishable in the seismic 

profiles. 2D gravity and magnetotelluric (MT) modeling of the 

Gediz Graben’s structure has revealed the existence of a series 

of these NE- trending grabens are distinguishable in the 

seismic profiles. 2D gravity and magnetotelluric (MT) 

modeling of the Gediz Graben’s structure has revealed the 

existence of a series of these NE-SW-trending grabens and 

sub-basins at deeper depths [3, 4, 26, 27]. It also indicates that 

the regional structural fabric seen at the surface continues 

beneath the Quaternary sedimentary fill of the E-W-trending 

modern graben system. 

 

 
Figure 1. Location map of the study area. Main structures and grabens: NMM: Northern Menderes Massif, CMM: Central Menderes Massif, SMM: Southern 

Menderes Massif, BMG: Büyük Menderes Graben, GG: Gediz Graben, KMG: Küçük Menderes Graben, GDF: Gediz Detachment Fault, BMDF: Büyük 
Menderes Detachment Fault (the map is modified from [5]). The investigation area is marked on the map (red polygon). 

 

Six different units have been determined in the 

investigation area. These units from bottom to top are as 

follows: (1) Metamorphic rocks (gneiss, calc-schist, quartz-

schist, phyllite, mica-schist) of the Precambrian-Middle 

Triassic Menderes Massif (2) Paleozoic marbles (3) Granitic 

rocks (4) Upper Miocene-Lower Pliocene Gediz formation (5) 

Upper Pliocene-Quaternary sediments and Kaletepe 

formation (6) Quaternary alluviums, respectively (Figure 2) 

[2]. 

 

3. STRUCTURAL GEOLOGY 
 

The study area is located within the Gediz Graben, extensional 

basin of 140 km in length, roughly E-W oriented and 

concaved southward, extending bein the north of Menderes 

massif. Normal faults border the graben from both margins 

(Figure 1). However, in this basin, that narrows in the eastern 

border, the western portion's morphologic boundaries are 

difficult to distinguish. 

Dip-slip normal faults located in the south of the graben 

are intersected by NE-SW and NW-SE trending oblique and 

strike-slip faults in many places. The dip-slip normal faults 

prominently identified as detachment faults in the south have 

a listric faulting character. The detachment fault exhibits 

geometric features in the form of jumps. Transfer faults have 

developed in those stepping areas. The faults in the southern 

section of the graben are generally younger from the south to 

the north. 
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Figure 2. Simplified geological map and cross-section lines the study area (see Section 3.2 for cross-sections) (modified from [2]). 

 

Metamorphics that constitute the highlands surrounding 

the graben from the south and north consist of gneiss, marbles, 

quartzites, and schists. Some of the faults bordering the graben 

formed contacts between the metamorphic basement rocks 

and Miocene, Pliocene, and Quaternary sediments. The Upper 

Miocene units are formed from conglomerates and sandstones 

outcropping at the margins of the graben. Pliocene units 

consist of dendritic sandstones and claystones, and the graben 

faults cut quaternary sediments. 

Dips of fault planes of the normal faults in the 

investigation area located in the Gediz graben vary between 

30° and 60°. To a certain degree, lower dips are measured. 

These faults are usually characterized by listric faulting. The 

layers are generally horizontal, and no folding has developed 

at the sediments between the fault blocks. On the other hand, 

the topographic surfaces of the footwall blocks sloped towards 

the hanging-wall blocks. It is known that the basement of the 

graben was downthrown by a minimum displacement of 1500 

m after Pliocene [2].  

The observations have been performed at 66 different stop 

points to explain the structural features of the region in which 

the study area is located and to reveal its faulting type, 

geometric properties, and faulting mechanism in detail. Faults 

with four different mechanisms are identified in the study area 

(Figure 2) [2]. These are;  

• Detachment fault,  

• Low-angle normal faults, 

• High-angle normal faults, 

• Transfer faults. 

In light of the information obtained from the stop points 

(the stations), structural geological cross-sections of the study 

area have been prepared.  

 
3.1. The Gediz Detachment Fault 

The Gediz Detachment Fault bordering the study area 

from the south is remarkable, and the related detachment 

faults are generally NW-SE trending, nevertheless, they 

partially show different orientations. The detachment faults 

make the step to the right and left, and are dipped into the 

basin along with 20-30 degrees. Precambrian-Middle Triassic 

metamorphic rocks are juxtaposed with Upper Miocene-

Lower Pliocene Gediz formation along the detachment fault. 

The detachment fault with mylonitic and breccia 

characteristics formed a large zone of 100-150 m in width 

(Figure 3). The upper parts of the metamorphic units were 

completely altered along the detachment fault zone and gained 

breccia characteristics. The eastern half of the study area 

contains breccia-mylonitic mica-schists/phyllites and marbles 

above the detachment fault zone, and the western part includes 

quartz-schists and calc-schists. 

The detachment fault has a 100-150 m thick mylonitic-

brecciated zone (the reservoir in the geothermal field). 

Completely disintegrated brecciated marbles are located at the 

upper levels of this zone (Figure 3). There is an elevation 

difference of approximately 3000 m between the detachment 

fault and the basin plane. 

The juxtaposition of the Gediz formation to the 

metamorphic units along the detachment fault zone indicates 

that the detachment fault may have been formed during or 

after the occurrence of the Gediz formation. This opinion is 

supported by the fact that the base levels of the Gediz 

formation are highly deformed. The strata are tilted towards 

the detachment fault, and the Gediz formation contains low-

angle normal faults. 

A great number of NW-SE trending high-angle normal 

faults intersecting the Gediz and Kaletepe formations are 

developed on the hanging wall of the detachment fault. Partly, 

NE-SW trending dip-slip normal faults exist as well. It is 

foreseen that the high-angle normal faults intersect and 

displace the detachment faults at the depths. It is also observed 

that the high-angle normal faults in the areas close to the 

detachment fault dip towards SW while the faults in the areas 

close to the basin do towards NE. The differences in the dip 

directions have caused the formation of mini-grabens on the 

downthrown block of the detachment fault and the formation 

of a horst-shaped area between the aforementioned grabens. 

By the way, the listric character of the detachment fault has 
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contributed to the shape of an asymmetric graben currently 

observed in the basin.
 

 
Figure 3. Views from the detachment fault and breccia zone (the reservoir formation observed in the study area). 

 

3.2. Geological cross-sections 
Based on the findings from the geological and tectonic field 

studies carried out and the estimated total fault displacements 

in the area, eight geological cross-sections have been taken in 

NW-SW (3 of them) and NE-SW (3 of them) directions in the 

study area (Figure 2). It is estimated that the total 

displacement of the normal faults, which bounds the study 

area from the south, is about 1500-2000 m. This total 

displacement is considered in each geological cross-section.  

To find an answer to questions:  

(1) how the detachment fault in the study area extends 

geometrically from south to north to the basin,  

(2) how the high-angle normal faults affect the detachment 

fault at the depths,  

(3) how the thickness of the sediments in the basin reached up 

to 2000 meters.  

The detailed interpretations of the geological cross-

sections taken for the study area are performed below. 

15 km long-cross-section 1 (CS-1) in NE-SW direction 

extends along Alhan creek between Gökçealan in the SW and 

Piyadeler in the NE, from a part close to the SW corner of the 

study area (Figures 2 and 4). As it is clearly seen in Cross-

section 1, the detachment fault exposes in the SW. However, 

it reaches the deeper areas being cutting and making offset by 

the high-angle normal faults towards into the basin to the NE. 

The detachment fault has a listric character.  

The metamorphic units juxtapose with Gediz formation 

along the detachment fault in the SW. Displacements of the 

high-angle normal faults increase towards the NE from the 

SW. As a result of vertical displacements, the thicknesses of 

Gediz and Kaletepe formations increase to continue towards 

the NE from the SW and reach the maximum values in the 

basin. These phenomena point out that the high-angle normal 

faults have been active in the area until today since the 

occurrence of the detachment fault. There is an elevation 

difference of approximately 850 m between the detachment 

fault and the basin plain. 

15 km long-cross-section 2 (CS-2) in NE-SW direction, 

close to the eastern border of the study area, extends between 

Gökçealan in NE and Yeniköy in GB, and is parallel to the 

east edge of the Hacıahmet creek (Figures 2 and 5). 

As seen in cross-section 2, the detachment fault deepens 

towards the NE from the SW. However, in the northern of 

Yeniköy, it is displaced downwards up to 1500-2000 m at the 

hanging-wall block. Unlike this cross-section, several 

antithetic stepping faults dipped towards the detachment fault 

are located. In other words, the faults dipped towards the SW 

and the area between the detachment fault and the basin are 

uplifted. 
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Figure 4. Geological cross-section of the area between Gökçealan and Piyadeler (CS-1, see Figure 2). 
 

 
Figure 5. Geological cross-section of the area between Gökçealan and Yeniköy (CS-2, see Figure 2). 
 

15 km long-cross-section 3 (CS-3) in N-S direction 

extends between Peynirçukuru village in the SW and 

Kavaklıdere in the NE, close to the center of the study 

area (Figures 2 and 6).  

Cross-section 3 has a structure similar to Cross-

sections 1 and 2. The detachment fault continues by 

deepening and uplifting towards the north, so it is 

downthrown up to 1500-2000 m by the main fault.   

There is a thick and brecciated marble zone above 

the detachment fault. The high-angle normal faults dip 

towards the detachment fault in the south and towards 

the basin side in the north. As a result of the dipping 

towards the SW and NE, a subsidence is occurred 

towards the detachment fault’s side. An elevation 

difference of approximately 800 m is present between 

the detachment fault and the basin plain. 

15 km long-cross-section 4 (CS-4) in N-S direction 

extends between Karadut village in the SW and Köseali 

in the NE. It is parallel to the western edge of the 

Göbekli stream, close to the west side of the study area 

(Figures 2 and 7). While the detachment fault continues 

into the deep and is vertically displaced towards the 

northeast, it is displaced up to 1500-2000 m downward 

by the border (main) fault. Brecciated quartz schists 

overlie the detachment fault. 

On the hanging wall of detachment fault, continuous 

depression is occurred towards the basin as a result of a 

series of stepping faults dipped to the NE towards the 

north apart from the antithetic faulting dipping towards 

the SW. However, the most extensive subsidence and 

deposition area has been occurred. There is an elevation 

difference of approximately 400 m between the 

detachment fault and the basin plain in the vicinity of 

Karadut and 1300 m with the part behind it. 
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Figure 6. Geological cross-section of the area between Peynirçukuru and Yeşilkavak (CS-3, see Figure 2). 

 

 
Figure 7. Geological cross-section of the area between Karadut and Köseali (CS-4, see Figure 2). 

 

13 km long-cross-section 5 (CS-5) in NNE-SSW direction 

extends between Yağmurlar village in the SW and Kordon in 

the NE (Figures 2 and 8). It has a structure that is very similar 

to the cross-section 4. Brecciated calc-schists are exposed 

above the detachment fault. 

As a consequence of the antithetic faulting dipped towards 

the SW in front of the detachment fault, a depression occurs 

between the detachment fault and antithetic faults and an 

uplifting area in the north of the detachment fault. Continuous 

subsided areas develop towards the basin. There is an 

elevation difference of approximately 450 m between the 

detachment fault and the basin plain in the vicinity of 

Yağmurlar and 1000 m behind it.   

35 km long-cross-section 6 (CS-6) in NE-SW direction 

extends between Karadağ village in the SW and İsmetiye in 

the NE, on the eastern side of the study area (Figures 2 and 9).  

The detachment fault becomes listric faulting towards the 

basin depths from the SW to the NE and deepens by vertical 

displacement of the high-angle faults. It is downthrown 

approximately 1500-2000 m by the main fault bordering the 

basin from the south. It is anticipated that the antithetic faults 

border the basin from the north and dipped towards the SW. 
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Figure 8. Geological cross-section of the area between Yağmurlar and Kordon (CS-5, see Figure 2). 

 

 
Figure 9. Geological cross-section of the area between Karadağ and İsmetiye (CS-6, see Figure 2). 

 

The high-angle normal faults between the detachment 

fault and Kurudere dip towards the SW. However, this 

bordering from the south of the basin in Kurudere has a dip 

towards the NE. Because of the high-angle normal faults 

dipping towards the SW and NE, mini horst and graben areas 

are developed between the detachment fault and the basin. In 

this section, there is an elevation difference of 800 m between 

the SW and NE of the basin and 650 m between the 

detachment fault and the basin plain. Depending on the total 

displacement of the high-angle normal faults, the thicknesses 

of alluvium at the bottom of the basin, Kaletepe formation, 

and Gediz formation reach the maximum level. As the 

detachment fault progresses towards from the basin, the 

thickness relatively decreases. 

32 km long-cross-section 7 (CS-7) in NE-SW direction, 

which is towards the NE corner from the SW corner of the 

study area, extends between Işıklar village in the SW and 

İsmetiye in the NE (Figures 2 and 10).  

The detachment fault becomes listric towards the basin from 

the SW to the NE in depth similar to the structure in the Cross-

section 6 and deepens by being displaced by the high-angle 

faults. It is predicted that the total displacement of the main 

fault bordering from the south of the basin is about 1500-2000 

m. 
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Unlike Cross-section 6, the detachment fault continues 

towards the NE of the basin. It is cut and displaced by the 

antithetic faults which border the basin from the north and dip 

towards the SW. Furthermore, the high-angle normal faults 

have a stepping faulting character and dip to the basin towards 

the NE. It is assumed that the detachment fault is located in 

the metamorphic basement at the depths. In other words, the 

basin margin has been continuously downthrown towards the 

NE from the SW. In this section, there is an elevation 

difference of 1200 m between the SW and NE of the basin and 

450 m between the detachment fault and the basin plain. 

27 km long-cross-section 8 (CS-8) in NE-SW direction 

extends between Karadut village in the SW and Mevlütlü in 

the NE, on the western side of the study area (Figures 2 and 

11). Although the cross-section 8 is very similar to the faulting 

structure in the cross-section 7, the only difference is that the 

bottom of the detachment fault forms a mylonitic-breccia zone 

at the thickness of 100-150 meters, which consists of 

calcschists, under Gediz formation. In this section, there is an 

elevation difference of 600 m between the SW and NE of the 

basin and 200 m between the detachment fault and the basin 

plane. 
 

 
Figure 10. Geological cross-section of the area between Işıklar and İsmetiye (CS-7, see Figure 2). 

 

 
Figure 11. Geological cross-section of the area between Karadut and Mevlütlü (CS-8, see Figure 2). 
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3.3. Relationship between structural controls and high-
temperature geothermal systems 

 

Back-arc basins are known to be controlled by deep 

subduction dynamics. In the Aegean domain, the slab retreat 

led to the formation of crustal-scale low-angle normal faults 

(detachment faults) that were involved in the exhumation of 

Metamorphic Core-Complexes in this region. The detachment 

system in western Anatolia can be given as an example of 

these kinds of crustal-scale low-angle normal faults. These 

large-scale structures are associated with heat exchange and 

fluid circulations representing a major interest in 

understanding hydrothermal systems. The Menderes massif of 

western Anatolia is the location of active exploitation of high-

temperature geothermal resources related to extension and the 

activity of the main detachments. However, the rock-fluid 

interactions in the deep part of the geothermal reservoir are 

not accessible to observation. The detachments are coeval 

with the emplacement of granitoids and associated with the 

formation of a supra-detachment sedimentary basin during the 

Late Miocene [28]. Young tectonism (Gediz detachment fault) 

and young volcanism (Salihli granitoid and/or Kula 

volcanism) in the study area have caused the occurrence of a 

high-temperature geothermal system [2, 8].  

High-temperature geothermal resources aligned on both the 

northern and southern edges of detachment faults in western 

Anatolia demonstrate that the heating source is related to 

active tectonism (shear heating) rather than a magmatic origin 

[2, 29]. The highest heat flow values in western Anatolia have 

a remarkable perfect harmony with detachment faults. This 

indicates that detachment faults provide a channel in the fluid 

circulation and can be regarded as a possible source of heat 

[29]. The Menderes Province represents a favorable setting for 

amagmatic high-enthalpy geothermal resources. The origin of 

these systems’ heat may be also related to a deeper source 

induced by subduction dynamics (i.e., magmatic underplating 

under the overriding plate) [5, 30-32]. 

The geothermal reservoir in the study area appears to lie on 

the intersections of northerly striking sinistral normal transfer 

faults and the Gediz detachment fault.  Left steps in the 

transfer faults at the intersection with the detachment fault are 

represented dilational jogs that provide channel ways for 

geothermal fluids.  The left steps may result from refraction 

across the detachment surface that asides from the mechanical 

contrast between hanging-wall sedimentary rocks and 

basement gneisses, marbles, and schists in the footwall.  

Brecciated marble zone (Figure 3) at these intersections 

provides suitable reservoirs for the accumulation of 

geothermal fluids. The geothermal reservoirs are plunged 

gently northward along the intersection of the detachment 

fault with the transfer faults. Although this model can account 

for the shallow reservoir and surface springs, it may not be 

appropriate to predict the location of the main upwelling that 

feeds these geothermal systems. Significant steps in the 

Alaşehir border (main) fault or complex fault intersections 

between the transverse faults and WNW-striking normal 

faults may accommodate upwelling in the study area (Figure 

12).

 
Figure 12. Conceptual models for high-temperature geothermal system associated with detachment fault system in the study area (modified from [2]). 
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The high-temperature geothermal reservoirs associated 

with detachment fault in the study area have formed along the 

normal faults nearly in E-W orientation and in intensely 

fractured rocks in a structurally complex manner associated 

with transfer faults approximately in N-S orientation. 

Generally, the high-temperature reservoirs are closely located 

to strike-slip faults intersecting, overlapping, and/or 

terminated with Quaternary transfer faults (oblique-slip hinge 

fault) (Figures 12 and 13). [33] emphasized the similar 

structural controls in the Kızıldere field, which is a high-

temperature geothermal field associated with the Büyük 

Menderes Detachment Fault in western Anatolia. The same 

results as this study have also presented in the studies 

performed in western Anatolia and some regions of the world 

[31, 34-36]. 
 

 

 
Figure 13. Schematic representation of a high-temperature geothermal reservoir formed at the intersection of the detachment fault and transfer fault (oblique-

slip hinge fault) (modified from [35, 37]. 
 

4. CONCLUSIONS 
 

High-temperature geothermal fields on Büyük Menderes 

and Gediz grabens’ detachment faults show that these faults 

can be considered as one of the most potential areas in terms of 

research and exploration of high-temperature geothermal 

systems. Thus, in this study, to characterize the structural 

control of detachment, transfer, and dip-slip normal faults’ 

association in the occurrence of high-temperature geothermal 

reservoirs, the main concentration has been on the 

determination of transfer faults and investigation of their 

relationships with detachment and dip-slip faults in high-

temperature geothermal reservoir exploration activities 

associated with detachment fault in a detailed fashion. Since 

the detachment fault and the high-angle normal faults cutting 

the detachment fault form the paths, this mechanism ensures 

that the geothermal fluids are drained from the surface to the 

reservoir rock environment. High-angle normal faults cutting 

the detachment fault and the transfer faults cutting the 

detachment-high-angle normal faults constitute the carrier 

systems. This causes that the fluids heated in the reservoir rock 

environment at the depths are carried to the surface. Transfer 

faults control the position of high-temperature geothermal 

systems and should be used as the primary guide for 

geothermal exploration. 
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1. INTRODUCTION  
 

Towards the end of December, the Chinese government 
reported an outbreak of a novel coronavirus disease (COVID-
19) in Wuhan city, Hubei Province, China [1]. The outbreak 
rapidly spread from Wuhan into all provinces of China and then 
at least 24 countries, which led the WHO (World Health 
Organization) to declare the coronavirus disease 2019 
(COVID-19) outbreak a pandemic on March 11, 2020, when 
the disease was confirmed to have reached Turkey. Since then, 
COVID-19 had spread all over [2-4]. Transportation 
developments in the industry can reach many parts of the 
World. But when it comes to a disaster such as a pandemic, 
global transportation networks can contain significant threats 
[5]. Especially in long-distance travel, because of limited space 
in transportation the risk of disease transmission was increasing 
[6]. Pandemics are often seeing where places in mobile 
population, and transportation systems due to high population 
density [7]. Global transportation points such as airports, ports, 
and stations, can become easily the center of disease 
distribution. The reason for the rapidly spread of the Spanish 
Flu around the world is that the transportation systems are 
developed at the global level [8]. In a pandemic disease such as 
SARS, air and sea travels have a great effect on the spread of 
the disease [9]. Shen et. al., studied the experience of the 
prevention and control measures for public transportation in 
China to promote the global response to COVID-19 [10]. 
Setiawan et.al. studied constructs and visualizes bibliometric 

networks research in Covid19, Sustainable Mobility And 
Transportation Research [11].  Ballard in his study obtained 
that roadway and rail transportation further spread the infection 
across cities and countries [12]. 

Chechulin et al. in their study showed that the highest rate 
of spread of disease was seen in intercity public transportation 
and private transportation [13]. Public transport systems, cause 
it to be seen rapidly and intensely in megacities the spread of 
the virus by creating serious risks in the spread of diseases and 
the formation of pandemics [14,15]. Transportation 
developments in the industry can reach many parts of the 
World. But when it comes to a disaster such as a pandemic, 
global transportation networks can contain significant threats.  

Considering the past experiences, epidemic diseases are 
primarily spread from global transportation networks, then 
from central transportation points to cities and rural areas. 
Domestic transportation systems are an indispensable part of 
human activities. High-speed trains bring convenience to 
people's life and are generally considered one of the most 
sustainable developments for public transportation. In Turkey, 
the Ankara-Eskişehir section, the first phase of the Ankara-
İstanbul High-Speed Railway Project, was put into service in 
2009, and the Eskişehir-İstanbul section in 2014 in order to 
reduce the travel time between Ankara and İstanbul, which are 
the biggest cities of Turkey. The high-speed train operation is 
being successfully performed over a corridor of 1,213 km, 
covering 13 cities and 42 percent of the population in Turkey, 
with combined transportation between Ankara, Istanbul, 
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Eskişehir, and Konya. More than 52 million people have 
travelled on these lines (see Fig. 1) [16]. 

Figure 1. Destinations of high-speed trains in Turkey. 

 

Ankara is the capital city of Turkey and the country's 
second-largest city after Istanbul and most important the high-
speed train operation hub in Turkey. High-speed train 
destinations constitute approximately 90% of the total 
population of Turkey. 

The aim of this study examined the relationship between the 
passenger density at high-speed train points and the spread of 
the COVID 19 pandemic. In this context, high-speed train 
passenger movement is mathematically modeled using 
regression analysis. The number of trips and the number of 
patients was examined by months and by 2020 and 2021. In 
order to evaluate the effect of public transportation in the 
spatial transmission of COVID 19, it was examined that daily 
High-speed trains from Ankara to these cities. 

 

2. MATERIAL AND METHODS 
 

2.1. Regression Analysis 
There are two separate purposes of multiple linear 

regression analysis: 

•   By means of indicators that are determined to affect the 
dependent indicator 

•   To determine the rate at which the independent indicators 
are thought to affect the dependent indicator [17]. 

According to multiple linear regression analysis, there 

should be at least two independent indicators. Y relationship 

model between the dependent indicator and p number of 

independent indicators. This is shown in equation (1). 

𝑌 =  𝑏0 + (𝑏1 𝑥 𝑖1) + ( 𝑏2 𝑥 𝑖2)+ . . . +( 𝑏𝑝 𝑥 𝑏𝑝) + 𝑒𝑖       (1) 

In there b0, b1,...,bp unknowns part are regression 

coefficients. 

 

2.2. Estimation of Coefficients İn Multiple Linear 
Regression Analysis 

The simple linear regression model may be suitable for 
many situations, but in real life, explanatory variables are 
needed to explain many models. More than one Model with 
explanatory variables is called a multiple regression model. 
Multiple In the regression model, there is a single dependent 
variable and two or more independent variables. The 

relationship between the variables is investigated. A dependent 
indicator showing normal distribution is a random variable 
[18]. The relationship between dependent and independent 
variables in multiple linear regression analysis shows the 
strength of the multi-correlation coefficient and has an 
unlimited number of explanations for the dependent variable 
[19]. 

 

2.3. Statistical Analysis Methods 
     In the analysis of data; descriptive statistics are presented 

with mean and standard deviation values. Mann Whitney U test 

and Kruskall Wallis test were applied to examine the 

measurements according to the study groups. The All-pairwise 

method was used to evaluate the measurements that differed 

from the Kruskall Wallis test. Correlation analyzes were 

applied to determine the relationship between the 

measurements. Regression analysis was performed to examine 

the relationship between the number of patients and the number 

of passengers at multiple levels. Analyzes were made with 

SPSS (Statistical Package for the Social Sciences) 25.00 

package program.  

 

3. FINDINGS AND DISCUSSION 
 
    The purpose of multiple regression analysis is to explain and 

predict the effect of change in independent variables on the 

dependent variable. In the study, the analysis results of the 

relationship between the number of passengers and the number 

of patients are expressed with tables and figures.  

 
TABLE I 

EVALUATION OF THE NUMBER OF PASSANGER and PATIENTS by 

MONTH AND YEAR 

 

 Total number 

 of passenger 

Total  number of 

patients   

 

p 
 X+s.s                    

(arithmetic mean) 
p 

X+s.s.  
(arithmetic mean) 

Month 

1 
 

4704.82+1333.67 

0.34 

5699.18+2594.34 

0.08 11 
 

4876.17+377.51 6991.50+460.59 

12 
 

4222.26+1661.94 5096.45+2141.60 

Year 

2020 
 

4328.30+1543.11 

0.11 

5403.76+2086.38 

0.19 

2021 
 

4704.82+1333.67 5699.18+2594.34 

 
In the study, it was determined that the total number of 
passengers was not at different levels according to the months, 
and the total number of passengers in the 1st, 11th, and 12th 
months was found to be at similar levels (p=0.34). Similarly, it 
was determined that the total number of patient was not at 
different levels according to the months, and the total number 
of the patients in the 1st, 11th, and 12th months were found to 
be at similar levels (p=0.08). 

According to the study, it was determined that the total 
number of passengers was not at different levels according to 
the years, and the total number of passengers in 2020 and 2021 
was at similar levels in the study (p=0.11). And, it was 
determined that the total number of cases was not at different 
levels according to the years, and the total number of cases in 
2020 and 2021 were found to be at similar levels (p=0.19). 
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TABLE II 

RELATIONSHIP BETWEEN PATIENT and PASSANGER NUMBER in 

2020 and 2021 

 

*Correlation analysis was performed. 

 
It has been observed that there is a very strong and positive 
relationship between the total number of passengers and the 
number of patients for the period of 2020 and 2021. It can be 
stated that increase number of passengers will increase the 
number of patients. (r=0.90, p=0.01). (correlation coefficient 
takes a value between -1<r<1. 

 

TABLE III 

MODELING THE PATIENT and PASSANGER NUMBER 
RELATIONSHIP in 2020 and 2021 

Year 

 

Dependent 

Variable 

Independent 

Variables 

F Model R2 Total number 

 of passenger 

(β) 

2020 

Total  

number of 

patients (Y) 

0.89 F=131.68 

0.78 t=11.48 
(p=0.01) 

p=0.01 

2021 

Total  

number of 

patients (Y) 

0.95 F=175.1 

0.89 t=13.52 
(p=0.01) 

p=0.01 

2020 

Total  

number of 

patients (Y) 

0.90 F=233.19 

0.80 t=9.29 
(p=0.01) 

p=0.01 

 

** Regression analysis was performed. 

 

In the study, regression analysis was performed in order to 
determine whether there is a multiple relationship between the 
number of cases and the number of passengers in all three 
models made at the 2020-2021. 

All three models obtained in the study were found to be 
significant (p=0.01). The coefficients (β) of the variable of the 
number of passengers in the model were found to be significant 
for 2020, 2021 and the total period (p=0.01). The explanatory 
ability of the model for 2020 was 78% (R2 =0.78), the 
explanatory ability for 2021 was 89% (R2 =0.89), and the 
explanatory ability for the total model was 80% (R2 =0.80). 

In general, it was observed that there was a very strong and 
positively relationship between the number of patients and the 

number of patients in both of the 2020 and 2021 periods 
(p=0.01). But the relationship in 2021 is stronger than in 2020. 

 
 

Figure 2. Modeling the Patient and Passenger Number relationship for 2020. 

 

 
Figure 3. Modeling the Patient and Passenger Number relationship for 2021. 

 

 

The model was obtained according to these results: 

2020 Total number of patients (Y)= (0,89)* Total number of 
passenger 

2021 Total number of patients (Y)= (0.95)* Total number of 
passenger 

Total number of patients (Y)= (0.90)* Total number of 
passenger 

The increase in the number of passengers for all three models 

caused an increase in the number of patients However, the 

most increasing effect occurred in 2021. It has been observed 

that the effect of the number of passengers has a high effect 

on the number of patients. 

Year 

Total  

number of 

patients 

2020 Total number of passenger 
r 0.89* 

p 0.01 

2021 Total  number of patients 
r 0.95* 

p 0.01 

Total Total number  of passenger 
r 0.90* 

p 0.01 
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Figure 4. Modeling the Patient and Passenger Number Relationship for Total 

Period. 
 

4. CONCLUSION 
 
It has been determined that there is an increase in the 

number of covid 19 cases in the settlement provinces where the 
number of high-speed train passengers is dense. When we look 
at the types of transportation in general, they are vehicles such 
as buses, taxis, minibuses, trains and planes. Depending on the 
nature of the microorganism that causes the disease in public 
transportation vehicles, the ways of transmission are 
differentiated as direct contact, indirect contact, droplet contact 
or airborne transmission. Direct transmission is the 
transmission of the microorganism responsible for the disease 
by physical contact. Increasing contact in increasingly crowded 
public transport environments also increases the possibility of 
transmission of the disease. Indirect transmission, on the other 
hand, refers to the transmission of the disease when it comes 
into contact with a contaminated surface, although it depends 
on the type of microorganism, the material of the surface, and 
the frequency of cleaning and spraying the surface. 

In order to limit the pandemic, it may be recommended to 

increase measures especially in transportation centers. After 

the pandemic, the developments enabled us to experience urban 

mobility in extraordinary conditions such as epidemics, 

reminding once again that it is inevitable to make urban 

transportation durable and sustainable. Considerable efforts to 

reduce transmission will be required to control outbreaks. 

Measures to prevent or reduce transmission should be 

implemented in travel populations at risk. As a result of this, 

applications to open more space for pedestrian and bicycle 

transportation, which are the main components of sustainable 

transportation, started to increase all over the world 
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1. INTRODUCTION 
 

The first development in the production of cast iron materials 

has been the production of lamellar graphite cast irons (gray 

cast irons) by applying the inoculation method [1, 2]. Lamellar 

graphite cast irons are the most frequently used material in 

machine manufacturing [3-7]. They are inexpensive and easily 

accessible materials in the manufacturing of piston rings and 

cylinder jackets in the automotive industry. The unique 

properties of cast iron consist of a combination of good 

mechanical and physical properties and economical 

manufacturing processes [8-14]. As a disadvantage, they have 

weak weldability [15]. 

One of the significant problems that are frequently 

encountered in today’s industry is wear. In the technical sense, 

wear is the phenomenon where an unwanted change occurs in 

the material as a result of the separation of microparticles from 

the surface of the material caused by a mechanical factor or 

mechanical energy [16]. In a wear system, the main material 

(wearing material), the counter material (abrasive), the spacing 

material, load and motion constitute the primary elements of 

wear. The system created by all these elements is called a 

“Tribological System”. In a wear system, environmental 

conditions are also important factors. The exposure of system 

elements to humidity or corrosive effects also speeds up wear 

[2, 17]. The properties of the main material (e.g., 

microstructure, surface hardness, heat treatment), the 

properties of the counter material, and atmospheric conditions 

such as temperature and humidity are factors that affect wear 

in a tribological system. In addition to these, some properties 

of materials depending on their service conditions (e.g., form 

of loading) have a substantial effect on their wear mechanism 

[18]. 

TaC is a highly popular material due to its resistance to high 

temperatures and good mechanical properties at high 

temperatures. In this study, materials were produced by adding 

TaC as reinforcement at varying ratios (A, B, C, and 

unreinforced K) to materials that are used in the production of 

lamellar graphite cast irons. Experimental samples were 

prepared from the materials produced at different 

reinforcement ratios, and mechanical and wear tests were 

carried out. In these tests, the effects of the TaC reinforcement 

ratios on lamellar graphite cast irons were investigated.  
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 In this study, changes in the wear volumes, wear rates, wear track profiles, and friction 
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2. MATERIAL AND METHOD 
 

2.1. Material manufacturing  
The chemical compositions of the A, B, C and K (unreinforced) 

alloys are shown in Table 1. These alloys were melted in a 

casting furnace and poured separately into sand molds at a final 

pouring temperature of 1375°C. TaC had a purity of 99.9%, 

and its particle size was 3 µm. During the casting process, 

inoculation material was added at a ratio of 0.3% by weight. 

The chemical composition of the inoculation material is given 

in Table 2. 

 

TABLE I. 
CHEMICAL COMPOSITIONS OF SAMPLES (WT.%) 

No C Si Mn P S Cr Cu Al Ti TaC 

A 3.36 2.68 0.68 0.006 0.067 0.28 0.08 0.001 0.033 0.025 

B 3.38 2.70 0.64 0.017 0.083 0.28 0.12 0.001 0.033 0.155 

C 3.23 2.71 0.63 0.016 0.086 0.28 0.12 0.001 0.025 0.285 

K 3.30 2.70 0.63 0.016 0,080 0.28 0.12 0.001 0.025 - 

 
TABLE II. 

CHEMICAL COMPOSITION OF INOCULATION MATERIAL 

 % Si % Al % Ca % Sr 

Min-Max 73.0-78.0 0.50 max 0.100 max 0.80-1.40 

Sample Castings 75.0 0.32 0.020 1.06 

 
2.2. Sample preparation for wear tests 
After the casting process, the samples were taken out of their 

sand molds when they reached room temperature. Samples for 

the wear tests were prepared at dimensions of 50 mm × 30 mm 

× 5 mm, and the wear test surfaces were polished. The wear 

tests were carried out in 3 repetitions for each reinforcement 

ratio.  

 

2.3. Wear tests 
The wear tests were conducted using a reciprocating Tribotech 

tribotester device (Figure 1) under normal atmospheric 

conditions (22±1°C and 30±2% humidity) in a dry 

setting. Alumina balls with a diameter of 6 mm were used as 

the abrasive material. The tests were performed under load 

values of 1 N, 3 N and 5 N, with a sliding speed of 10 mm/s, a 

sliding length of 5 mm, and a total sliding distance of 50 m. 

Coefficients of friction were recorded during the tests. After the 

wear tests, the wear tracks were examined using a surface 

profilometer (Veeco Dektak 6M) and SEM [19, 20].  

 

 
 

Figure 1. Wear test device 

3. RESULTS AND DISCUSSION 
 
3. 1. Wear tests 
Coefficients of friction, wear track profiles, wear volumes and 

wear rates were determined in the wear tests for the samples 

that were prepared at different TaC reinforcement ratios (0.025, 

0.155, and 0.285 wt.%), and the values were compared to those 

of the unreinforced sample (0 wt.%). Table 3 presents the wear 

volume, wear rate and mean coefficient of friction values of the 

samples. 

  

TABLE III.  

WEAR VOLUME, WEAR RATE AND MEAN COEFFICIENT OF FRICTION VALUES OF 

THE SAMPLES 

Sample 
Load 

(N) 

Wear Volume 

(×10-3 mm3) 

Wear Rate 

( x10-5 mm3/Nm) 

Mean 

Coefficient 

of Friction  

K (0 wt.% TaC) 5 4.2 1.7 0.508 

A (0.025 wt.% TaC) 5 3.8 1.5 0.475 

B (0.155 wt.% TaC) 5 4.0 1.6 0.548 

C (0.285 wt.% TaC) 5 4.3 1.7 0.555 

K (0 wt.% TaC) 3 2.1 1.4 0.530 

A (0.025 wt.% TaC) 3 2.4 1.6 0.516 

B (0.155 wt.% TaC) 3 2.2 1.5 0.561 

C (0.285 wt.% TaC) 3 2.9 1.9 0.608 

K (0 wt.% TaC) 1 0.9 1.7 0.507 

A (0.025 wt.% TaC) 1 1.2 2.3 0.453 

B (0.155 wt.% TaC) 1 0.8 1.5 0.572 

C (0.285 wt.% TaC) 1 0.9 1.9 0.575 

 
As seen in Table 3, in the comparison of the results of each 

load value, with the increasing reinforcement ratios, there were 

no increases in the wear volume and wear rate values of the 

samples, and the values stayed more or less constant. With 

increased load values, there were increases in the wear volume 

results, while the wear rate results were similar to each other at 

different loads. The highest wear volume values were found 

under the 5 N load in Sample C as 4.3×10-3 mm3 and the 

unreinforced K sample as 4.2×10-3 mm3. The highest wear rate 

was found under the 1 N load in Sample A as 2.3×10-5 

mm3/Nm. Şimşek et al. added SiCp reinforcement into the 

A356 matrix at ratios of 5%, 10%, 15%, and 20% and subjected 

the samples to wear tests at 0.2 m/s, under a load of 15 N, and 

at a total distance of 1500 m. As a result of the tests, they 

determined that as the reinforcement ratio increased at constant 

load values, the number of particles breaking off the sample 

decreased, and thus, at increased reinforcement ratios, weight 

loss decreased [21]. In this study, when each load among the 1 

N, 3 N and 5 N load values was analyzed independently of the 

other loads, it was seen that wear rates had an increasing trend 

along with increased reinforcement ratios, but there was no 

substantial change in the wear volumes. 

To determine the wear profiles of the samples, the depths 

and widths of the wear tracks that formed on the surface during 

the experiments were measured using a Veeco Dektak 6M 

model surface profilometer. Figure 2 shows the schematic 

representation of the depth and width of a wear track. Using 

these depth and width values and assuming that the wear track 

was semielliptical, wear volume was first calculated using 

equation (1), and then, wear rate was calculated using equation 

(2). The wear track profiles of the samples that were subjected 

to wear experiments are given comparatively in Figure 3. 
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Figure 2. Schematic display of the depth and width of the wear track [20, 22, 

23]. 

 

𝑉 =
𝜋

4
⋅ 𝐺 ⋅ 𝐷 ⋅ L                    (1)  

 

𝑊 =
𝑉

𝐹⋅𝑆
       (2) 

 

V: Wear volume (mm3), G: Wear track width (mm), D: Wear 

track depth (mm), L: Reciprocal motion amplitude (5 mm), W: 

Wear rate (mm3 / Nm), F: Experimental load (N), S: Total 

sliding distance (50 m) 

 

 
 

 
 

 

 
Figure 3. Comparison of the wear track profiles under 1 N, 3 N, and 5N 

 

In the examinations of the wear track profiles of the 

samples, it was observed that changes in reinforcement ratios 

under 1 N of load did not have a noticeable effect on these 

profiles. On the other hand, under the 3 N load, changes in 

reinforcement ratios affected the wear track profiles of the 

samples. The most prominent wear track profile under the 3 N 

load was formed in Sample C. Under the 5 N load, the varying 

reinforcement ratios had the highest effects on the wear track 

profiles of the samples, where the most prominent wear track 

profile was found in Sample C. 

The changes that occurred in the friction coefficients of the 

samples that were subjected to wear experiments depending on 

sliding distance can be seen in Figure 4. In the wear 

experiments, the coefficients of friction reached steady-state 

values following a sliding distance of 10 m, no significant 

change was observed in these values until the end of the 

experiments. 

 

 
 

 
 

 
Figure 4. Comparison of the coefficients of friction under 1 N, 3 N, and 5 N 
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(a) (b) 

Figure 5. SEM Microstructure image of sample no. B, a,b 

 

 
Figure 6. EDS Analysis of sample no. B 

As demonstrated in Figure 4, as the load values applied to 

the samples increased, the friction coefficients of Samples B 

and C decreased, but the friction coefficients of Samples K and 

A increased. The reason for this was that the contact surface 

between the sample and Alumina ball created high frictional 

heat and force values during its constant reciprocal motion 

under high loads. When each of the 1 N, 3 N and 5 N load 

values was analyzed separately from the others,  it was found 

that under a constant load, as the reinforcement ratio increased, 

there was also an increase in the coefficient of friction. The 

highest coefficient of friction was found in Sample C under all 

three load values. In the study conducted by Arslan, the AZ91 

magnesium alloy that was produced with the cold chamber 

high-pressure die casting method was subjected to dry sliding 

wear tests under three different loads as 2 N, 5 N and 10 N, 

with an amplitude of 10 mm, a sliding speed of 5 mm/s, and a 

total sliding distance of 12 m. The author observed that 

increased hardness values resulted in lower coefficients of 

friction on the wear surfaces of the samples. They identified a 

relationship between coefficients of friction and hardness. The 

amount of wear that was inversely proportional to hardness 

was, on the other hand, directly proportional to the coefficient 

of friction. That is, as the amount of wear decreased, the 

coefficient of friction was observed to increase [24]. 

 

3. 2. Microstructure analyses 
SEM (Scanning Electron Microscope) images (Figure 5) and 

EDS (Energy Dispersive X-Ray Spectrometer) images (Figure 

6) of the samples before the wear test are shown. 

  
K Sample (1 N) K Sample (3 N) 

  
K Sample (5 N) A Sample (1 N) 

  
A Sample (3 N) A Sample (5 N) 

  
B Sample (1 N) B Sample (3 N) 

  
B Sample (5 N) C Sample (1 N) 

  
C Sample (3 N) C Sample (5 N) 

Figure 7. SEM images after the wear tests 
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The SEM images of the microstructures of the sample 

surfaces after the wear tests are shown in Figure 7.  

As demonstrated in the SEM images in Figure 7, in Sample 

K that did not include TaC reinforcement, increased load 

values resulted in increased wear volumes. The highest wear 

occurred under the 5 N load in the form of abrasion. There were 

also abrasions on the wear surfaces for the load values of 1 N 

and 3 N, but these abrasions were not as severe as those that 

formed under the 5 N load. According to the SEM images of 

Sample A, abrasive wear occurred on the surface under the 5 N 

load. Under the load values of 1 N and 3 N, wear was observed 

without abrasion. The SEM images of Sample B revealed 

abrasive wear under the 5 N load. The wear surfaces of Sample 

B did not show abrasion under the 1 N and 3 N loads, and these 

results were similar to those of Sample A. Based on the SEM 

images of Sample C, because the highest reinforcement ratio 

was in this sample, no abrasion was observed under the 1 N, 3 

N and 5 N loads. The appearance of the wear surface was 

similar for all load values. 

 

4. CONCLUSION 
 

a) Varying reinforcement ratios did not have a noteworthy 

effect on the resulting wear track profiles under the 1 N 

load. On the other hand, different reinforcement ratios 

resulted in changes in the wear track profiles under 3 N 

and 5 N. The most noticeable wear track profile was found 

in Sample C under the 5 N load. 

b) Increased load values resulted in increased wear volumes, 

but they did not result in significant wear rate value 

changes, and the wear rate values were similar to each 

other. The highest wear volume was found under the 5 N 

load as 4.3×10-3 mm3 in Sample C and 4.2×10-3 mm3 in 

Sample K. 

c) When each of the load values of 1N, 3N, and 5N was 

analyzed independently of the others, it was observed that 

as the reinforcement ratio increased, there was a tendency 

for the wear amounts to increase.  

d) The friction coefficient values decreased while the load 

values which is applied to the B and C samples was 

increased. On the other hand, for K and A samples, the 

friction coefficient values increased while load values 

were increased. 

e) At constant load values, as the reinforcement ratio 

increased, the coefficients of friction also increased. The 

highest coefficient of friction was found in Sample C for 

all three load values. 
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1. INTRODUCTION  
 

PMSM is a rotating electric machine having a conventional 

three-phase stator like that of an induction motor (IM) and 

permanent magnets mounted on its rotor surface. PMSM is 

equivalent to an IM in which the air gap magnetic field is 

generated by a permanent magnet. The stator current of IM 

contains both magnetizing and torque generating components. 

It is unnecessary in order to obtain magnetizing current 

through the PMSM stator for constant air gap flux because the 

rotor of the PMSM has permanent magnet. The stator current 

only needs to produce torque. Therefore, the PMSM operates 

at a higher power factor and PMSM is more efficient due to 

the absence of magnetizing current according to IM for the 

same output [1,2]. DC motors used in many applications 

requiring high performance began to be replaced by PMSMs 

with the using of magnet materials such as samarium-cobalt 

(SmCo) and neodymium-ironboron (NdFeB) in the 1970s and 

1980s [3]. PMSM has such as high power factor, high power 

density, robustness, small size, lightness, low noise and high 

torque compared to other electric motors [4–10]. Permanent 

magnets are used instead of the field windings in the rotor of 

the PMSM. Permanent magnets can produce magnetic flux in 

an air gap without field excitation windings and electrical 

power losses. PMSM has higher efficiency than other AC 

motors because the rotor of PMSM produces magnetic flux 

with permanent magnets. Therefore, PMSM is widely used in 

electric vehicle, military and aviation industries [11]. 
Additionally, PMSMs have become the key and core 

components of complex electromechanical systems such as 

robotic application, urban rail vehicles, ship propulsion 

systems, high-speed elevators and wind power generation 

because the motors have high efficiency, large torque-inertia 

ratio, fast dynamic torque response, high overload capacity, 

wide speed range advantages [12–18]. The phase voltages and 

currents of the PMSM stator are ideally sinusoidal. The flux 

of the motor provides an ideal sinusoidal flux distribution by 

the installation of rotor magnets in the air gap. The installation 

of the rotor magnets can be in different shapes called as 

surface mounted, inset radial, interior, and spoke [19]. The 

location and the shape of the magnets change dynamic 

features of the motor. DC motor was widely used in position 

and speed control applications for many years because the 

motor control is easy. The motor stator currents must be 

controlled directly in order to obtain the desired performance 

from PMSMs such as the behavior of DC motors. Accurate 

speed control of PMSM driver is a complex issue due to the 

nonlinear relationship between winding current and the rotor 

speed of the PMSM. Electromagnetically produced torque of 

the motor is non-linearity due to the magnetic saturation of the 

rotor core. Therefore, it is difficult in order to control of the 

motor [20]. AC motor drive systems and motor control 

schemes have been studied in many literature [21–23]. Field 

oriented control (FOC) and direct torque control (DTC) are 
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two control strategies commonly used for industrial motor 

drives [24]. A comparative study of DTC controlled PMSM is 

performed using Matlab/Simulink and DSPACE-1104 [25, 

26]. A novel method for magnetization fault detection in 

PMSM is presented by using finite element analysis with 

simulation environment [27]. FOC is generally the most 

effective and reliable control method for PMSM drives [28]. 

Synchronous and asynchronous motors could be controlled 

just like a DC motor with the introduction of vector control 

theory in the 1970s. FOC method was first proposed by F. 

Blaschke in order to control IMs in the early 1970s. The vector 

control technology has been widely used in high performance 

AC drives over the past two decades due to the rapid 

development in power electronics, computing, and 

microelectronics [29]. The FOC technique provides 

decoupling of flux and torque similar to that of a DC motor. 

FOC method includes current control loops in order to control 

the direct axis current and the quadrature axis current [30, 31]. 

FOC method commonly used in the control system of the 

PMSM consists of an internal current loop and an external 

speed loop. Proportional integral (PI) control is used in speed 

and current loops in FOC [32].  

In this study, 3 different simulation models and 

experimental results for a PMSM drive system were 

comparatively analyzed. All simulations were developed in 

MATLAB environment. Control algorithms and sampling 

times were the same for all simulations. The first two 

simulation models were performed using available tools and 

the other was developed by using the C-language. The details 

of the blocks used in the simulations were analyzed in detail 

in the paper. The parameters used in the simulations were 

taken by measuring from the real system. The simulations and 

real results were performed under the same conditions. 

Results were analyzed in terms of motor speed, stator currents 

and harmonic spectra of the currents. Additionally, the 

execution times of the simulations were compared for same 

conditions. This paper is organized as follows: The 

mathematical model of the PMSM is described in Section 2. 

The simulation results and experimental verification are 

presented in Section 3 and Section 4, respectively. Finally, 

conclusions are discussed in Section 5. 

 

2. MATHEMATICAL MODELLING OF PMSM 
 

The 𝑑 and 𝑞- axis currents converted from 3 to 2 phases in 

an AC motor represent the field and armature current, 

respectively. The control of AC machine can be achieved with 

different algorithms by using static and rotating reference 

frames. The coordinate system is generally obtained by the 

Clarke Transform of the 𝛼𝛽-fixed reference frame and the 

Park Transform of the 𝑑𝑞-rotating reference frame. The 

equivalent circuit of the PMSM is illustrated in Fig. 1. In this 

study, rotating frame was aligned with the phase A axis. 

Therefore, the voltage equations can be derived as given in the 

Eq. (1). 𝑐 refers to cosine and 𝑠 refers to sinus function in the 

equation. 

⌈

𝑢𝑑

𝑢𝑞

𝑢0

⌉ =  
2

3
[

𝑐(𝜔𝑡) 𝑐(𝜔𝑡 − 2𝜋/3) 𝑐(𝜔𝑡 + 2𝜋/3)
𝑠(𝜔𝑡) 𝑠(𝜔𝑡 − 2𝜋/3) 𝑠(𝜔𝑡 + 2𝜋/3)
1/2 1/2 1/2

] [

𝑢𝑎

𝑢𝑏

𝑢𝑐

]    (1) 

 where 𝑢𝑎, 𝑢𝑏 and 𝑢𝑐 are the three phase voltages of the 

stator windings fed by inverter output. The voltage equations 

of the PMSM can be derived as shown in Eq. (2) and Eq. (3). 

Additionally, linkage fluxes of the dq-axis are given in Eq. (4) 

and Eq. (5). 

𝑢𝑑(t) = 𝑅𝑠𝑖𝑑(t) +
𝑑

𝑑𝑡
(𝐿𝑑𝑖𝑑(t)) − 𝜔𝑒𝐿𝑞𝑖𝑞(t)                   (2) 

 

𝑢𝑞(t) = 𝑅𝑠𝑖𝑞(t) +
𝑑

𝑑𝑡
(𝐿𝑞𝑖𝑞(t)) + 𝜔𝑒𝐿𝑑𝑖𝑑(t)

+ 𝜔𝑒ψ𝑚                                                         (3) 

 
Figure 1. Equivalent circuit of the PMSM  

  

ψ𝑑 = ψ𝑚 + 𝐿𝑑𝑖𝑑                    (4) 

 

ψ𝑞 = 𝐿𝑞𝑖𝑞                    (5) 

 

where, 𝑖𝑑 and 𝑖𝑞 are 𝑑𝑞-axis current. 𝜔𝑒 is the electrical 

velocity of the PMSM. Additionally, 𝜓𝑑 and 𝜓𝑞 are 𝑑𝑞- axis 

linkage fluxes while 𝜓𝑚 is the magnet flux of the rotor. 𝑅𝑠, 𝐿𝑑 

and 𝐿𝑞 are stator winding resistance, 𝑑𝑞-axis stator inductance, 

respectively. These inductances represent the relation between 

phase inductance and the position of rotor due to the rotor 

saliency. The measured inductance between the 𝑎 and 𝑏 

phases is given in Eq. (6). 

 

𝐿𝑎𝑏 = 𝐿𝑑 + 𝐿𝑞 + (𝐿𝑑 − 𝐿𝑞)cos (2𝜃𝑒 +   𝜋/3 )                 (6) 

 

where 𝜃𝑒 is electrical angle of the PMSM rotor. The 

mechanical equations of the PMSM are given as shown in Eq. 

(7) and Eq. (8). 

 

𝑇𝑒 = 𝑇𝐿 + j
𝑑𝜔𝑚

𝑑𝑡
+ B𝜔𝑚                    (7) 

 

𝑇𝑒 =
3

2
p(ψ

𝑚
i𝑞 + (L𝑑 − L𝑞)i𝑑i𝑞)                   (8) 

 

where 𝑇𝑒 and 𝑇𝐿 represent the electromagnetic torque and load 

torque, respectively. 𝐽 and 𝐵 are the moment of inertia and the 

friction. 𝜔𝑚 is the mechanic velocity of the PMSM and 𝑝 is 

pole pair of the motor.  

Vector control algorithm and PMSM’s model require Park 

and Inverse-Park transformation. The transformation 

equations can be derived by using vector diagram of the abc-

frame which is give in Fig. 2. Park transformation uses the 

three phase vectors to transform dq rotating frame. The 

equations of Park transformations are given in Eq. (9) - Eq. 

(11). The inverse Park transformation is used to derive abc-

frame vectors which are given in Eq. (12) - Eq. (14). The 

rotating frame alignment to 90 degrees when 𝜔t is zero. 

 

𝑉𝑑 =
2

3
(𝑉𝑎 sin(𝜔𝑡) + 𝑉𝑏 sin (𝜔𝑡 −

2𝜋

3
)

+ 𝑉𝑐 sin (𝜔𝑡 +
2𝜋

3
))                                 (9) 

𝑉𝑞 =
2

3
(𝑉𝑎 cos(𝜔𝑡) + 𝑉𝑏 cos (𝜔𝑡 −

2𝜋

3
)

+ 𝑉𝑐 cos (𝜔𝑡 +
2𝜋

3
))                                 (10) 

 

𝑉0 =
1

3
 (𝑉𝑎 + 𝑉𝑏 + 𝑉𝑐)                    (11) 
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𝑉𝑎 = 𝑉𝑑 sin(𝜔𝑡) + 𝑉𝑞 cos(𝜔𝑡) + 𝑉0                     (12) 

 

𝑉𝑏 = 𝑉𝑑 sin (𝜔𝑡 −
2𝜋

3
) + 𝑉𝑞 cos (𝜔𝑡 −

2𝜋

3
) + 𝑉0          (13) 

 

𝑉𝑐 = 𝑉𝑑 sin (𝜔𝑡 +
2𝜋

3
) + 𝑉𝑞 cos (𝜔𝑡 +

2𝜋

3
) + 𝑉0                 (14) 

 

 
Figure 2.  abc-frame and dq-frame for Park transformation 
 

3. SIMULATION OF PMSM DRIVE SYSTEM 
 

In this study, PMSM models were obtained by using 

MATLAB environment. Three different models were created 

separately and tested under the same conditions. All 

simulation models were operated with 1.6 𝜇𝑠 sample time. 

The same control blocks, labeled as Field Oriented Control 

(FOC) and switching technique Space Vector Pulse Width 

Modulation (SVPWM) shown in Fig. 3, were used in all 

simulations. The internal block diagrams of control and 

SVPWM with dead-time (3.2 𝜇𝑠) are given in Fig. 3(b). The 

parameters of the PI controllers are determined using Internal 

Model Control technique [33]. The PI parameters of speed 

controller were determined as 𝑘𝑝 (𝑠𝑝𝑒𝑒𝑑) = 0.156 and 𝑘𝑖 
(𝑠𝑝𝑒𝑒𝑑) = 13.431. The PI controller parameters of the dq-axis 

were determined as 𝑘𝑝 (𝑑𝑞) = 21.671 and 𝑘𝑖(𝑑𝑞) = 29, 759.12. 

A switching frequency of 16 kHz, which is also used in the 

experimental system, was selected in the simulation. Three 

simulation environments are named as SimPowerSystems, 

Simscape Electrical, and C-language model. 

MATLAB has some tools for modelling/simulating 

electrical power systems included power electronics and 

electric machines. One of these is SimPowerSystems which is 

named as Specialized Power Systems for new version of 

MATLAB. It can be easily connected commonly used 

Simulink blocks as shown in Fig. 4(a). Many applications of 

power systems, electrical machines and power electronics can 

be carried out easily by using this tol. Especially, it helps to 

develop control algorithms for motor drive applications of any 

kind of motor type. In this study, the PMSM model and its 

driver system were used as shown in the Fig. 4(a). A single-

phase voltage source was used 220 V, 50 Hz and the source 

rectifiers by using a full-wave rectifier based on diode. The 

diode parameters have the same values as the diode 

KBPC3510 in the experimental system. The inverter block is 

used with parameters that same values as a PM20CSJ-060 

coded IGBT inverter module. The back electromotive force 

waveform was selected as sinusoidal in the PMSM block 

configuration because the motor type is a surface mounted 

PMSM in the experimental study. The DC-link capacitor 

value was taken as 3x470 µF which has been selected in the 

real application. Simscape Electrical toolbox is a new generation 

simulation environment for modelling and simulating electronic, 

electrical power systems, and electric machines like 

SimPowerSystems. Additionally, Simscape Electrical toolbox is 

also integrated mechanical, hydraulic, thermal, and other physical 

systems. SPICE models are also supported by this tool. In this 

study, existent power electronics devices are used in the 

simulation environment as shown in Fig. 4(b). The diodes can be 

configured differently, such as exponential or piecewise linear. In 

this simulation, the diode and IGBT parameters, all electrical and 

mechanical values are used the same as in the previous mentioned 

simulation. Additionally, all mechanical variables can be 

connected externally as shown in the Fig. 4(b) without the need 

to use a mechanical variable in the motor model. Thus, a desired 

mechanical model can be connected to the motor by using 

Simscape Driveline blocks as a load. A local solver configuration 

was used in the simulation with backward Euler solver type. 

MATLAB supports free and open source software development 

environment Mingw-w64 C-language. In this study, simplified 

PMSM was developed by using Mingw-w64 C with 

mathematical equations mentioned first section of this paper. The 

model masked with a subsystem as shown in Fig. 4(c). The motor 

winding ports fed from inverter voltage outputs are labeled as “𝑈, 

𝑉, 𝑊”. The “𝑇𝑚” port is the input mechanical torque of the load. 

Signal routing labeled "𝐿𝑜𝑎𝑑" is used for load output in all 

simulations. 

The inverter block only converts PWM signals to the 

voltage signal using by multiplying half of the dc-link voltage 

value with the difference between the upper and lower 

switches’ states. The losses of the semiconductor switches 

were ignored in the inverter block. The interior block diagram 

of PMSM model based on script is shown in Fig. 5a. The 

detailed script is given in Fig. 5b. The variables in red are 

pointers that represent input and output of the PMSM block. 

The electrical and mechanical equations were defined in the 

second section of the paper. The coulomb and viscous friction 

model was added as labeled “cvf” in the script. The motor was 

not operated at negative speed region. In this study, a 

simplified model was compared with other models and a real 

system. Therefore, many system losses were neglected except 

for the simplified equations. The model presented in Fig. 5 can 

 
Figure 3.  a) Block diagram of control, and b) SVPWM and dead-
time blocks 
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be obtained easily in any simulation environment. The 

simulation models were compared with each other as shown 

in Fig. 6. The motor was operated at a nominal constant speed 

of 3000 rpm at half-load and full-load transition. The PMSM 

was started under the half-load condition and the motor was 

operated for full-load after 1.5 seconds. The full-load 

transition is given in detailed Fig. 6b and Fig. 6d for speeds 

and stator currents, respectively. Subsequently, load was 

reduced in half of rated load. The transition details are shown 

in Fig. 6c and Fig. 6e. It is possible to say that all the 

simulation models give results very close to each other. The 

harmonic contents of the currents were different although the 

results were similar. The Total Harmonic Spectrum (THD) at 

the full-load condition was calculated as 2.3%, 3.89%, 2.04% 

for Simpower model, Simscape model and C-model, 

respectively. Additionally, the execution times of the 

simulations were different from each other. The simulations 

were performed on a computer with a clock frequency of 4.2 

GHz. For 1 second simulation time with 1.6 𝜇𝑠 sampling time, 

execution times are required 20 seconds, 83 seconds, 13 

seconds for Simpower model, Simscape model and C-model, 

respectively. A large amount of execution time was required 

for Simscape model.  

 

4. EXPERIMENTAL VERIFICATION 
 

The models were compared with a real system shown in 

Fig. 7 after the mentioned models were compared among 

themselves. All parameters used in the simulation 

environment are the values measured from the real system. A 

surface-mount PMSM was used for this application. The 

motor parameters are given in Table I. The motor has a 10,000 

pulse/rev resolution encoder which is connected to the inverter 

and 12-bit Digital Analog Converter (DAC). The speed and 

mechanical position were measured by a scope connected to 

the DAC. The stator current was measured via a clamp sensor 

 
Figure 5.  a) Interior block diagram of script based PMSM model, b) Script 
based model 

 

connected to scope. A magnetic-powder brake was used as a 

load as shown in the Fig. 7. The PMSM was operated for 12 

seconds as shown in Fig. 8. The B-channel in the scope shows 

motor speed in 1,000 rpm/V scale. The D-channel of the scope 

measures the U-phase stator winding current of the PMSM. 

The motor was operated at half-load condition for about 5 

seconds as shown in the current waveform. The PMSM was 

then operated at full-load for about 4 seconds. The time-base 

was set as 1 sec/div in the scope. The channel of current probe 

was set to 2 A/div as shown in the Fig. 8a. The effective 

current of half-load and full-load are measured about 0.84 A 

and 1.63 A, respectively. Similar results were performed in  

  
Figure 4.  Simulation diagram of PMSM control based on; a) SimPowerSystems, b) Simscape Electrical, c) C-language model  
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TABLE I 
PARAMETERS OF THE MOTOR 

Motor parameter Value 

Armature resistance (Rs) 7.514  

d-axis inductance (Ld) 15.78 mH 

q-axis inductance (Lq) 15.78 mH 

Pole number (P) 4 

Rotor Moment of Inertia (Jm) 1.0314*10-3 kg*m2 

Friction factor (Bm) 8.2*10-6 N*m*s 

 

 

the simulation environment as shown in the Fig. 8b. Current 

response at load transitions is not similar to that in the 

simulation environment due to the magnetic powder brake 

dynamics coupled to the motor as a load. The load used in the 

experimental study cannot performed an instantaneous output 

torque transition. The load can reach the set value after a short 

latency as shown in the experimental results. This nonlinear 

behavior is entirely due to the dynamics of magnetic powders 

in the load system. For this reason, there was no need to model 

the load dynamics in the simulation environment. 

The signals given in Fig. 8 were analyzed in detailed for 

both simulation and experiment environment as shown in Fig. 

9 for under full-load and half-load conditions. Fig. 9a and Fig. 

9b present the experimental results. The B-channel in blue is 

the PMSM speed, C-channel in black is mechanical position 

and D-channel in green is the stator current of the motor in the 

Fig. 9a and Fig. 9b. Similarly, the simulation results are 

presented in Fig. 9c and Fig. 9d for different load conditions. 

Due to the 4 poles of motor, two periods of a current waveform 

are seen versus one period of a mechanical position of the 

motor. The electrical frequency is twice the mechanical 

frequency. For this reason, the mechanical frequency is 50 Hz 

while the motor is rotating at 3000 rpm as shown in the Fig. 

10a and Fig. 10b. The reason why the simulation results do 

not appear in the same time axis is that the PMSM models 

cannot reach the speed set at the same time.  

Fast Fourier transform (FFT) analysis was performed for 

the obtained results at the full-load condition as given in Fig. 

10. Percentage values are used according to the magnitude 

value of the fundamental signals which are labeled as yellow 

in the figure. The bars in spectra at the same frequencies are 

shown in similar colors to make it easier to understand. 

Simscape result was obtained as 3.85% as the closest value to 

the experimental result while the real system current THD 

simulation environment. was calculated as 4.17%. The current 

THD of the Simpower and script based models are obtained 

as 1.8% and 2.02%, respectively. As a result of the FFT 

analysis, it is possible to say that the simulation performed 

with Simscape gives a more realistic result. It is possible to 

say that the THD values and spectrum amplitudes obtained in 

the experimental and Simscape simulation results are similar 

to each other. Brief comparisons of the models are given in 

Table II. 

Figure 7.  Experimental setup 

 

 

Figure 6.  a) Speed and stator current, b,d) Full-Load transition, c,e) 
Half-Load transition.  

 
Figure 8.  Speed and stator current; a) Experimental results b) Simulation results 
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TABLE II 

BRIEF OF COMPARISON OF MODELS 
 Simpower Simscape C-language Real system 

Execution time 20 sec. 83 sec. 13 sec. 1 sec. 

Current Ia THD 1.80 % 3.85 % 2.02 % 4.17 % 

Spend time Medium Medium Low High 

Platform support MATLAB MATLAB Many  Real 

 

5. CONCLUSION  
 

The interest in PMSM is increasing in many application 

areas, especially in robotics, automation, and military. 

Therefore, working with a simulation environment is much 

easier and cost-effective than working on a real system 

environment. For this reason, obtaining a realistic simulation 

result is an important issue. The simulation environment 

offers various conditions for developing a real system before 

it can be experimentally performed. Simulation work is 

particularly advantageous for developing algorithms and 

software in motor drive applications. Nowadays, there are 

many simulation platforms which offer user friendly tool. 

Among these platforms, MATLAB software, which is widely 

preferred from the academic community and some 

commercial companies, was used in this paper. The PMSM 

drive systems obtained by using Simpower, Simscape, and C-

language were compared with each other. However, 

comparing the simulations among themselves does not give 

an idea of which one is more realistic. Therefore, all these 

simulation results were compared with a real system. It is 

possible to say that all simulations give similar results when 

all the results are compared to the experimental results. The 

C-language based PMSM model was obtained with a very low 

execution time. More accurate results were achieved by using 

 
Figure 9.  Experimental; a) half-load, b) full-load, Simulation; c) half-load, d) full-load 

 
Figure 10.  FFT spectra of the stator current at full-load 
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Simscape model. It can be said that the sample time and real 

system parameters affected the results. In addition, it was 

presented that the addition of inverter switching dead-time is 

a critical issue in a motor drive circuit to obtain more realistic 

results from the simulation environment. However, it should 

be said that the simulation results need a longer execution time 

to obtain a more realistic result.  
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1. INTRODUCTION  
 

Snow plows are vehicles that clear the roads and open them 

to transportation in cases where there is heavy snowfall that 

prevents transportation. It is mounted on dump trucks as front 

and side snow blades for snow removal. Salt spreader and 

front snow blade can be installed on the dump truck with a 

capacity suitable for the needs of the institution. Side snow 

blades can also be fitted on high-capacity trucks [1]. Shafts; 

bearing rotating elements such as gear wheels, pulleys, 

clutches; providing force/moment transmission; are machine 

elements supported by bearings. The shaft carries the elements 

attached to it. In addition, the clutch transmits the torque it 

receives from the gear wheel or pulley to other elements [2]. 
Shafts are forced by torsional moment during power 

transmission with rotational speed. As a result, torsional stress 

occurs in the shaft. In addition, the power transmission 

elements on the shafts apply force to the shafts. With the effect 

of these forces, the shafts are also forced to bend. Since normal 

stresses occur simultaneously in any section of a power-

transmitting shaft due to torsional stress and bending, the 

equivalent stress is taken into account when dimensioning the 

shaft [3]. Shaft design is the accurate determination of the 

shaft diameter to provide sufficient strength and rigidity under 

various operating and loading conditions [4]. Only the 

bending condition applies to Axles. If it is in torsion then its 

name will be shaft. Therefore, the axles do not transmit the 

torque from the engine. They carry the loads on them just like 

a beam. If the axle is rotating or there is a vibrating load on it, 

they must be calculated according to the continuous strength, 

as with the shafts. For this reason, the safety stresses to be used 

should also be the safety stresses taken according to the 

continuous strength [5]. Due to the power transmission 

elements on the shafts, they are forced by shear force, bending 

moment, torsion moment and axial force. The shaft diameter 

is calculated by including the physical properties of the shaft 

material, the positions of the supporting and power 

transmission elements on the shaft and their effects on the 

shaft [6-8]. In the light of this information, the designer can 

determine the diameters required for different regions of the 

shaft. Adin et al. introduced the mechanical properties of the 

damaged helical gear to the system and performed the mesh 

operation by selecting the mesh structure. As a result, they 

realized that it would be possible to prevent the wrong 

material selection, which is the biggest damage cause, with the 

help of numerical analysis [9]. Yavuz et al. in their study; 

analyzed the damage analysis of a car's disc brake system. In 

addition, the damaged brake disc was analyzed by the finite 

element method. As a result, they determined that lamellar 

graphite cast iron was used as disc material in experimental 
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studies [10]. Yavuz et al. in their study; investigated the 

fractured surfaces of a machine gear with a spur gear profile 

that was damaged by fracture. As a result, according to the 

literature review, they observed that the hardness value was 

high in the material and ductile fractures were observed due 

to the ferrite phase formed at the grain boundaries. [11]. 
Erdogan et al. in their study; performed damage analysis of 

the gearbox of BMC 935 trucks. As a result, they found that 

gearbox damage was caused by fatigue [12]. Considering the 

stress concentrations caused by the cross-sectional 

differences, the variability of the forces acting on the shaft, the 

control of the stiffness of the shafts, and the fact that the shaft 

can be made hollow in the calculation of the diameters, the 

necessity of using a computer automatically emerges. 

Snowplow equipment is positioned suspended in the air with 

the help of pistons when the vehicle is not in use while in 

motion. A safety system is used to prevent the weight of the 

snowplow equipment suspended in the air from damaging the 

pistons. In this study, the damaged safety pin was redesigned 

and improved by the authors. The values of both safety pins 

were compared. 

 

2. MATERIAL AND METHOD  
 

The carbon ratio of St 37 steels is around 0.20 maximum. 
It is the softest of the hot rolled steels. St 37 quality steels are 
known for their features such as being easy to process, 
welding and cutting without problems. It is one of the most 
preferred types of steel construction structures. St 37 (s235) 
quality class steels come first among the commercial grades 
of structural steel construction profiles and sheets [13]. The 
3D redesign was made for the safety pin by reverse 
engineering with the help of Solidworks design program as 
shown in Figure 1. Dimensions were detailed in the technical 
drawing section.  

The physical and chemical properties of the safety pin 

material were given in Table 1. and Table 2. 

 

 
Figure 1. Technical drawing of safety pin 

 
TABLE I. 

CHEMICAL PROPERTIES OF SAFETY PIN MATERIAL 

Chemical Properties - 1.0037 (S235JR) 

C Mn P S N Cu CEV 

0,18-
0,2 % 

1,4-
1,6 % 

0,04-
0,045 

% 

0,04-
0,045 

% 

0,009-
0,012 % 

0,45-
0,55 % 

0,30-
0,38 % 

 
TABLE II. 

PHYSICAL PROPERTIES OF SAFETY PIN MATERIAL 
Type 1.0037 (S235JR) 

Model Isotropic Linear Elastic Analysis 

Failure Criteria Von Mises  

Yield and Tensile Strength 2.35e+8 and 3.6e+8 N/m^2 

Elastic Module 2.1e+011 N/m^2 

Poisson Ratio 0.28   

Mass Density 7800 kg/m^3 

Thermal Expansion 

Coefficient 

1.1e-005 /Kelvin 

 

3. RESULT AND DISCUSSION 
 

After using the snowplow equipment for a certain period 

of time, bending of the safety pin was observed as shown in 

Figure 2. After this stage, the use of the pin was not considered 

appropriate. 

 

 
Figure 2. Bending condition of the safety pin after use 

 

As shown in Figure 3, the safety pin was fixed during the 

analysis process. While loads are applied to the system as 

input data, supports are used to fix the system. In a three-

dimensional system, each element has 6 degrees of freedom, 

3 rotational and 3 translational. Supports are implemented by 

limiting these degrees of freedom belonging to the element. 

Boundary conditions must be chosen carefully. Minor errors 

in boundary conditions can drastically alter the result. The two 

intersecting surfaces of the safety pin and the other two 

models used in the snowplow equipment were used as fixed 

in the analysis phase. All bending analyzes were done with 

solidworks package program. 

 
Figure 3. Surfaces fixed in bending analyzes 

 

As can be seen in Figure 4 on the snowplow equipment, 

the load was acted in the middle of the safety pin. The force 

direction on which the load acts was unidirectional and was 

acted on a single surface. The force had a value of 

approximately 25000 N. 

 

 
Figure 4. Forces applied in bending analyzes 

 
The mesh view of the safety pin for which bending analyzes 

were made was given in Figure 5.  

 

 
Figure 5. Safety pin mesh view 
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In the mesh structure given in Figure 5, there were 268365 

mesh elements and 51298 nodes. Triangular meshes with 

good mesh quality with an element size of 1 mm were cast on 

the safety pin. Due to the fact that the safety pin did not have 

a complex geometry and the computer used was powerful, the 

completion time of the mesh was 53 seconds. 

The reaction forces of the safety pin  after the analysis 

performed were given in Table 3.  

 
TABLE III. 

   THE REACTION FORCES OF THE GEAR 

 
As shown in Table 3, the safety pin was fixed during the 

analysis process. The two intersecting surfaces of the safety 
pin and the other two models used in the snowplow equipment 
were used as fixed in the analysis phase. 

 

 
Figure 6. 20mm safety pin diameter - von mises stress value 

 

When the pin diameter shown in Figure 6 was selected as 

20 mm, Von Mises Stress values exceed the yield value of the 

material in the analysis. In the model seen in Figure 6, color 

changes occurred from blue to red. The colors corresponding 

to the numerical values on the right side of the graph showed 

the stresses that occur as a result of the analysis in geometry. 

Tensile values increased towards red color. The maximum 

stress value seen in the graph was 319.64 MPa. In geometry, 

two different support (fixing) locations were selected. The 

load was applied between the two supports. The maximum 

stress value occurred in the areas where the support points 

were. The stress values formed in the support areas exceeded 

the yield value of the material. The maximum stress value on 

the contact surface of the force increased up to 133 MPa. The 

stresses on these surfaces did not exceed the yield value of the 

material. The minimum stress (close to zero) occurred on the 

surfaces where the force was not applied and outside the 

support areas. 

 

 

 
Figure 7. 20mm safety pin diameter - displacement values 

 

When the pin diameter shown in Figure 7 was selected as 

20 mm, the deflection values were seen in the analysis. In the 

model seen in Figure 7, there were changes in deflection 

values from blue to red. In the graph on the right, the 

maximum increase in deflection value was seen in red. The 

maximum deflection value seen in the graph was 6.77 mm. 

The deflection values at the support points increased up to 3 

mm. The maximum deflection value was obtained by 

increasing the deflection value up to 6.77 mm on the surface 

where the force contacts. On the surfaces where the force did 

not come into contact, the deflection value was almost equal 

to zero. 

 

 
 

Figure 8. 30mm safety pin diameter - von mises stress value 

 

In the analysis performed when the pin diameter shown in 

Figure 8 is 30 mm, Von Mises Stress values did not exceed 

the yield value of the material. In the model seen in Figure 8, 

 

 
Figure 9. 30mm safety pin diameter - displacement values 

 

When the pin diameter shown in Figure 9 was selected as 

30 mm, the deflection values were seen in the analysis. In the 

model seen in Figure 9, there were changes in deflection 

values from blue to red. In the graph on the right, the 

maximum increase in deflection value was seen in red. The 

maximum deflection value seen in the graph was 0.01 mm. 

The deflection values at the support points increased up to 

0.04 mm. The maximum deflection value was obtained by 

increasing the deflection value up to 0.01 mm on the surface 

where the force contacts. The deflection value on the surfaces 

where the force did not contact and on all surfaces of the 

geometry in general was almost equal to zero. 

 

4.  CONCLUSION 
 

In this study, finite element analysis of the safety pin used 
in snowplow equipment was made using solidworks 
simulation program, and stress and deflection values were 
examined. In the analysis phase, attention was paid to 

 X Y Z Result 

Reaction 

Forces (N) 
-0.077755 -0.168421 24999.8 24999.8 
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boundary conditions, mesh values and material properties. 
The analysis was carried out using the pin diameter of 20 mm 
in Figure 6 and Figure 7, which was seen in the results of the 
study. The safe yield value of St37 material was 235 MPa. In 
Figure 6, the maximum stress value was 319.64 MPa. The 
maximum stress value in the safety pin exceeded the safe yield 
value in the St37 material. The system was 1.36 times unsafe. 
In Figure 7, a deflection of 6.77 mm was observed. As the 
yield value and deflection value increased after the analysis, it 
was not considered appropriate to reuse the pin after this stage. 

The diameter of the safety pin was increased from 20 mm 

to 30 mm and reanalyzed. The maximum stress value in 

Figure 8 was 124 MPa. Since the material did not exceed the 

safe yield value, the system was 1.89 times safe. In Figure 9, 

the deflection value was observed as 0.01 mm. As a result, the 

pin diameter increased to 30 mm and the safety pin became 

more durable. The deflection value also improved, reaching 

zero. 
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1 .  INTRODUCTION 

Microalgae can be used as raw material source for many 

types of biofuel. For example, by anaerobic degradation of 

microalgal biomass, it is possible to produce biohydrogen by 

methane, biodiesel from microalgal oils and photobiological 

reactions [1].  

1.1. Oil content of microalgae and microalgal oil 
extraction 

The basic structure of fatty acids consists of saturated and 

unsaturated fatty molecules. Saturated fatty acids do not have 

double bonds, while unsaturated fatty acids have at least one 

double bond in the structure. The oil content of microalgae may 

vary according to the species. In addition, the fatty acid profile 

of the species may vary according to cultivation conditions 

such as temperature, light and growth medium. The fatty acid 

profile of the microalgae is C12-C22. Microalgal oils are mostly 

neutral oils containing low levels of unsaturated fats. 

Mechanical and chemical methods are used in oil extraction 

processes from microalgae. Mechanical methods are 

microwave extraction, ultrasonic based extraction and 

extraction using mechanical compressors. Chemical methods 

are solvent extraction, supercritical CO2 based extraction and 

extraction using ionic liquids ([Bmim] [CF3SO3], [Bmim] 

[MeSO4], etc.). There are also improved methods that combine 

mechanical and chemical methods. For example, Teo and Idris 

[1] applied microwave heating in 4 different solvent extraction 

methods. With this method, they have achieved to increase oil 

extraction efficiency. In another study, Keris-Sen et al. [2] 

developed ultrasonic assisted solvent extraction method to 

increase oil extraction efficiency 1.5-2 times. Oil extraction 

efficiency may vary according to the method used in the oil 

extraction process [1-6]. In Table 1, advantages and 

disadvantages of different harvesting methods are shown. The 

most suitable method should be chosen considering the 

advantages and disadvantages of the methods used for oil 

extraction (see Table 2). These advantages and disadvantages 

are summarized in Table 3.  

 

1.2. Computational Fluid Dynamics  

In engineering calculations, it is very important to 

determine the fluid behavior correctly. In complex models that 

cannot be calculated directly by analytical methods, the 

determination of data such as heat transfer, pressure losses, 

flow rates by numerical methods while the part is in the design 

stage provides significant advantages to the manufacturer in 

terms of time and cost [7, 8]. 

Computational Fluid Dynamics (CFD) is a computer-based 

engineering method where detailed calculations can be made in 

the relevant field, flow area and other physical details can be 

displayed. The results of the CFD analysis provide significant  
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TABLE I. ADVANTAGES AND DISADVANTAGES OF DIFFERENT HARVESTING METHODS USED IN MICROALGAL BIOMASS HARVESTING 

[1-4] 

Cultuvation method Advantage Disadvantage 

Chemical 

coagulation/flocculation 

It is a simple and fast method. 

No energy required 

Chemical flocculants can be expensive and toxic to 

microalgal biomass. 

Re-use of the culture medium is limited. 

Biofloculation 

It is inexpensive. The culture medium can be reused. 

Toxic to microalgal biomass 

it is not  

Change in cell concentration. 

Microbiological contamination 

can 

Gravity precipitation It is a simple and inexpensive method. 

Time needs more. 

There is a possibility of biomass degradation. 

Algal cake concentration is low 

Flotation 

Low cost method. 

Space is minimal. 

Short operating time 

Applicable for many microalgae species. 

Generally need chemical flocculant. 

Not suitable for harvesting marine microalgae 

Electrical based processes 

Additional chemical flocculant requirements 

It does not require. 

High recovery efficiency. 

Filter clogging can increase operating costs 

Filtration Allows separation of sensitive species Filter clogging can increase operating costs 

Centrifuge 

Fast method. 

High recovery efficiency. 

Applicable for almost all microalgae species 

Energy requirement is high. 

Only suitable for recycling high value products. 

It may damage the cell structure. 

benefits in simulating product operation in the Simulation 

Based Product Design process, simulating any problems in the 

computer environment and optimizing product performance [7, 

8]. 

 

1.2.1. Steps in Computational Fluid Dynamics  
1.2.1.1. Primary Steps 

Solution Networks (Grids) 

 Turbulence 

 Computer Hardware 
 Solution Methodologies [7, 8]. 

 

1.2.1.2. Secondary items 

Solution networks (Complex Geometry Definitions) 

• Pre- and Post- Processing (Pre- and Post- Tecplot, 

Fieldview, Ensight, ...) 

• Algorithms [7, 8] 

 
1.2.1.3. Where is computational fluid dynamics used and 
when is it preferred? 
 

• Calculation and design studies 

• Simulation based design 

• CFD is more cost-effective than experimental fluid 

dynamics and results faster 

• CFD provides data that can be examined and evaluated 

in more detail than the experimental in the flow zone of interest, 

and many data that cannot be measured or observed during the 

experiment can be accessed by computational fluid dynamics 

• Modeling of physical events in which it is difficult or 

impossible to conduct experiments 

 

• Full-scale simulations; for example, if it was necessary 

to examine the effect of the various tower positions on the 

actual submarine on the acoustic characteristics of the 

propeller, it would be almost impossible to obtain these data by 

experiment. 

• Environmental impacts; for example, the effect of a 

predicted hurricane on the superstructure of the ship, 

• Dangerous events; such as explosions, radiation, 

contamination 

• Physics; star development, black holes etc. 
• Developing new theories about fluid physics [7, 8]. 

 

Figure 1.  Schematic of the Gas-Liquid Bubble Column [7]. 
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2. MATERIALS AND METHODS 

 

This section will illustrate an exemplary application used in 

biotechnology and industrial processes, for example air-water 

bubble column, by modeling a biodiesel production according 

to a proposed reactor design. 

The program to be used is ANSYS FLUENT. Eulerian 

multiphase model will be used [9]. 

 

 
2.1. Problem description  

The sample reactor is shown in Figure 1. The boundary 

conditions of the geometry is shown in Table 2 [7]. 

 

 

 

 

TABLE II COMPARISON OF EXTRACTION METHODS [1-4] 

Extraction method Used solvent Operating conditions Used microalgae Oil Yield 

(%) 

Supercritical CO2 and ethanol, CO2 40 oC, 35 MPa, 30 min. Shizochytrium limacinum 

Pavlova sp. 

33,9 

34 

Soxhlet n-Hexane 

Dikloromethane 

n-Hexane 

Ethanol 

n-Hexane 

Petroleum ether 

Ethanol 

40 oC, 0,1 MPa, 18 hours Shizochytrium limacinum 

Nannochloropsis oculata 

Nannochloropsis oculata 

Nannochloropsis oculata 

Pavlova sp. 

Nannochloropsis oculata 

 

45 

9 

5,79 

40,90 

45,2 

8,2 

48 

Mixed soxhlet extraction Hexane/ethanol 

Hexane/isopropanol 

Cloroform/methanol 

Cloroform/methanol 

water 

200 oC, 0,1 Mpa, 2 hours Synechocystis PCC 6803 

Synechocystis PCC 6803 

Synechocystis PCC 6803 

Synechocystis PCC 6803 

52 

36 

40 

42 

Pressurized liquid 

extraction 

n-Hexane 

n-Hexane/propan-2-ol 

(2:1 % volume) 

Ethanol %96 of volume 

60 oC, 10-12 MPa, 10 min. Nannochloropsis oculata 

Nannochloropsis oculata 

 

6,1 

20 

Ultrasonic assisted 

extraction 

Petroleum ether Frequency 40 kHz, 1 hour Nannochloropsis oculata 

 

3,3 

Wet extraction Hexane 60 oC, 0,1 MPa Chlorella and Scenedesmus sp. 59,3 

     

 

 

Figure 2.   Contours of Volume Fraction of Water [7]. 

 

 

 

 

Figure 3. Velocity Vectors for the Bubble Column [7]. 
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TABLE III ADVANTAGES AND DISADVANTAGES OF DIFFERENT 

OIL EXTRACTION METHODS [1-4] 

Method Advantages Disadvantages 

Mechanic 

pressuring 

Easy to apply. 

No solvent required. 

Large amounts of 

biomass are required. 

Application is slow 

Ultrasonic 

assisted 

extraction 

The extraction time is low.  

Solvent requirement is low. 

Since the solvent has better effect 

on the cells, the oil yield is high. 

High energy 

consumption. 

Microwave 

assisted 

extraction 

Environmentally friendly. 

The extraction time is low. 

Solvent requirement is low. 

Oil extraction efficiency is high. 

Microwave 

efficiency is low if 

non-polar and 

volatile components 

are present in the 

solution. 

Solvent 

extraction 

It is cheap and easy. 

It is good for small scale studies. 

High yield 

Extraction time is 

long. 

Excess flammable 

and toxic solvent is 

required. 

Solvent recovery 

requires energy. 

Supercritical 

extraction 

Low solvent toxicity. 

Fluid diffusion / viscosity 

Suitable mass through properties 

transfer balance. 

Solvent-free extract. 

Infrastructure and 

transaction costs are 

high. 

Solvent-free 

extraction 

Infrastructure and transaction costs 

are high. 

Wet extraction 

Biomass for drying process 

The required energy is conserved. 

Solvent requirement is low. 

The quality of the 

extracted oil may be 

lower than the 

quality of the 

extracted oil from the 

dried biomass 

   

TABLE IV BOUNDARY CONDITIONS FOR THE REACTOR 

Velocity 

(m/s) 

Operating 

density 

(kg/m3) 

Presure Momentum Volume 

fraction 

0.66e-3 1.225 0.5 0.2 0.8 

     

 
3. RESULTS and DISCUSSIONS 

 

The key images showing the flow regimes and gas-liquid 

interactions are displayed in the following figures from Fig. 2 

to 3.  

In this study a transient bubble column set up and solved 

using the Multiphase-Mixture model. As can be seen in Figure 

1 and 2 best seperation occurs at the top of the reactor and also 

the bottom. In the middle of the reactor there has no seperation 

ocur well. Volume fraction of water shows that the favorable 

seperation occurs at the top of the reactor due to the lower 

liquid density. Since oil has lower density than water. 
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